


DOE Solar Energy Technologies Program

Welcome to the fiscal year (FY) 2007 Annual Report for the U.S. Department of Energy’s Solar
Energy Technologies Program (Solar Program). The Solar Program is responsible for carrying
out the federal role of researching, developing, demonstrating, and deploying solar energy
technologies. This document presents a detailed description of the activities funded by DOE
during FY 2007.

FY 2007 was a year of incredible importance for the Solar Program and its partners. Announced
during President Bush’s 2006 State of the Union address, the Advanced Energy Initiative includes
the Solar America Initiative (SAl), a presidential initiative with the goal of achieving grid parity for
solar electricity, produced by photovoltaic (PV) systems, across the nation by 2015. FY 2007 was
the first official year of SAl and represented a shift in Solar Program operations, budget, activities,
and partnerships.

As a 9-year initiative, SAl is dependent upon wise choices made during its early years. | am
pleased to report that FY 2007 represented a successful start to this critically important effort. A
few of the many highlights achieved in FY 2007 and discussed in greater detail within this report
include:

e Launch of the Technology Pathway Partnerships (TPPs), public-private partnerships with
industry designed to create fully scalable PV systems that meet the SAI cost goals. The
TPPs are characterized by rigorous review and down-selection processes, as well as
ambitious timetables.

e Establishment of the PV Incubator activity, which funds the development of PV-system
components to shorten their timeline to commercialization.

e Initiation of a groundbreaking market transformation effort to help commercialize solar
technologies by eliminating market barriers and promoting deployment opportunities through
outreach activities.

o Resurgence of the Solar Program’s concentrating solar power (CSP) activities, including the
first new solicitation in several years.

¢ Opening of the Process Design and Integration Laboratory (PDIL) at the National Renewable
Energy Laboratory (NREL) for use by both laboratory and private industry researchers and
designed to help standardize key aspects of PV-research processes.

FY 2007 was truly a banner year for the Solar Program and its partners, and we are looking
forward to even greater accomplishments in FY 2008 and beyond. We remain your publicly-
funded, federal solar program and strive to conduct the most relevant, highly-valued activities to
our stakeholders. Your input is always welcomed.

Thomas P. Kimbis

Program Manager

Solar Energy Technologies Program

Office of Energy Efficiency and Renewable Energy
U.S. Department of Energy
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Photovoltaic R&D Subprogram Overview

As key programs were launched under the Solar America Initiative (SAI) and other efforts were
phased out, fiscal year (FY) 2007 was a year of transition for the Photovoltaic R&D Subprogram
in the U.S. Department of Energy’s (DOE) Solar Energy Technologies Program (SETP). The
largest increase in the SETP budget in decades was put to work in the SAl in a big push to bring
the cost of solar electricity to grid parity by 2015. It is worth acknowledging that this funding
increase was dwarfed by the amount of private capital invested in photovoltaic (PV) companies in
2007—around $800 million in venture capital alone flowed into new U.S. PV start-ups.

Goals and Objectives

Within this environment, the strategy of SETP investment needed to be thoughtfully and clearly
developed within the design of SAI. The goal of solar grid parity in the residential, commercial,
and utility electricity markets requires system costs to be 50% to 70% lower. The wisest way to
accomplish this goal was for SETP to build a portfolio from a technology-agnostic foundation,
oriented to a systems-level approach. This allows companies to decide how best to trim costs in
the primary metric for electricity relevant to PV, levelizing the cost of energy.

Although Technology Pathway Partnerships are the main push toward grid parity, other parts of
the SETP target opportunities to diversify the SAl portfolio. In FY 2007, the SETP initiated the PV
Incubator program, which targets higher risk, higher payoff approaches for less mature
companies focused on quickly ramping up innovative modules into production. More solicitations
will be awarded in FY 2008 that will continue to add diversity, through the maturity of the
technology (next-generation concepts), other types of components (inverters, balance of
systems), and new partners (more university R&D support for companies).

National laboratory participation in the SETP is undergoing a transition under the SAl, as well.
The Thin Film Partnership program, PV Manufacturing R&D program, and the University and
Exploratory Research program are being phased out because these needs will be supported by
Technology Pathway Partnerships, PV Incubator, and other SAl solicitations.

Internal research and solar community support activities, conducted by the national laboratories,
are being refocused during the upcoming years, both to respond appropriately to a growing
number of industry requests for collaboration and testing and to spend time developing the high-
risk, high-payoff projects that are best conducted in arenas like the national labs.

Results and Accomplishments

These are some of the highlights of the PV Subprogram’s accomplishments in FY 2007:

e Funded 11 Phase | public/private Technology Pathway Partnership awards, the flagship
program propelling the SAI. These industry-led teams comprise more than 50 companies, 14
universities, 3 nonprofits, and 2 national laboratories in 20 states across the United States.
(Technology Pathway Partnerships)

e Funded 10 PV Incubator companies, which will shorten the timeline for these companies to
transition prototype and precommercial PV technologies to pilot and full-scale manufacturing.
(PV Incubator)

e Defined the scoped of a new effort in Grid Integration through 14 “Renewable Systems
Interconnection” (RSI) reports to assess the impacts and needs related to high penetration of
PV systems on today’s electric infrastructure. Grid Integration has the potential to become a
large, cross-cutting initiative within the DOE Office of Energy Efficiency and Renewable
Energy. (PV Grid Integration)
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e Procured critical capital equipment to operate the National Renewable Energy Laboratory's
(NREL’s) Process Development and Integration Laboratory (PDIL), a collaborative research
facility In which photovoltaic companies and university partners can work with NREL
scientists. (PDIL Infrastructure, Engineering, and Integration)

e Updated the Solar Advisor Model (SAM) to make the utility financing portion more accurate
from a project developer’s perspective, incorporated financial incentives programs into
calculations of PV systems’ cost and performance, added an inverter model, and developed
tools to permit the validation of performance models versus measured weather data and
system output. (System Modeling)

¢ Maintained prominence in cell, module, and radiometer calibration. Researchers made 5020
cell current-voltage (I-V), quantum efficiency (QE), and linearity measurements on 1758
samples, and made 1567 |-V measurements on 408 modules. In addition, 26 spectral and
405 solar broadband radiometer calibrations were made within NREL and for industry and
academic partners. (Measurements and Characterization; Solar Radiometry and Metrology)

e Developed an improved technique based on “coring” followed by torque strength versus
angle characterization to determine and measure the strength and durability of various
interfaces within many module types. The knowledge added by this technique allows the
characterization of the durability of the module package—and will also serve to help in
developing accelerated aging tests for extended lifetimes. (PV Module Failure Analysis)

e Provided inverter testing (performance, power quality, and utility compatibility) and
improvement advice to manufacturers for two commercial inverters and three residential PV
inverters, which resulted in software and hardware modifications and rectifications in beta
units. (PV Inverter and Balance-of-System Testing)

¢ Implemented and refined an in situ technique to determine 11I-V concentrator film stress
during growth. A multibeam optical stress sensor is used in place of time-consuming x-ray
diffraction measurements, and it may be useful in the industrial production of lattice-
mismatched junctions in inverted devices. (Concentrator Crystalline Cells and Measurements
and Characterization)

o Developed a relatively easy way to detect “spectral skewing” changes in the solar spectrum
produced by concentrator optics. By studying the variation of a multijunction cell’s fill factor as
the solar spectrum changes from the light of midday to the light of sunrise or sunset,
researchers can characterize the degree of spectrum change by the concentrator’s optics.
(Concentrator Crystalline Cells)

e Developed a transparent conducting oxide (ZnMgO) for copper indium gallium selenide
photovoltaics that could have both greater resistance to environmental corrosion and higher
open-circuit voltage at high gallium concentrations. (Polycrystalline Thin-Film Device
Research)

o Established a model for the formation of crystallites in thin-film crystalline silicon, a technique
designed to produce low-cost, high-performing PV using less silicon on low-cost substrates.
Experimental success was also attained by growing 10 microns of film silicon by a scalable
manufacturing technique at about 620°C; this is a tenfold increase in epitaxial thickness from
previous best results. (Silicon Materials and Devices)

¢ Produced a nanocrystal quantum dot solar cell with 2.4% conversion efficiency and larger
short-circuit currents than any existing nanostructured solar cell. This cell’'s deposition was
accomplished with simple layer-by-layer dip coating, without the need for sintering,
superlattice order, or separate phases for electron and hole transport. (University and
Exploratory Research)

e Published a comparison of greenhouse gas emissions in the PV and nuclear fuel cycles.
(V.M. Fthenakis and H.C. Kim, “Greenhouse Gas Emissions from Solar Electric and Nuclear
Power: A Life Cycle Study,” Energy Policy, 35, 2549-2557 2007). (Environmental Health and
Safety)

e Conducted the first study on transport and recombination dynamics in dye-sensitized solar
cells incorporating oriented TiO2 nanotube (NT) arrays (K. Zhu, N. R. Neale, A. Miedaner, and
A. J. Frank, Nano. Lett., 7, 69, 2007). (University and Exploratory Research).
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Fundamental Research

Fundamental or basic research investigates the physical mechanisms of charge carrier transport,
band structure, junction formation, impurity diffusion, defect states, and other physical properties
of photovoltaic and photoelectrochemical materials. This area also includes solar resource
characterization and environmental health and safety.

Among the research topics are innovative ideas and technologies with the potential to “leapfrog”
current approaches. This high-risk research leads to new, nonconventional concepts that could
dramatically improve cost effectiveness in the long term.

Fundamental research is key to the continued advancement of photovoltaic technology necessary
to meeting the 2015 goal of achieving $0.05/kWh to $0.10/kWh battery-free, grid-tied systems.
Industry and university researchers work in partnership with national laboratories to improve the
efficiency of cell materials and devices by investigating their fundamental properties and
operating mechanisms. This teamed research approach works to identify efficiency-limiting
defects in cell materials and analyze their electrical and optical properties.

FY 2007 marked a host of accomplishments in the Fundamental Research area, including:

University and Exploratory Research
e Achieved a record 40.7%-efficiency metamorphic 3-junction cell, the first solar cell to
reach greater than 40% efficiency, and the highest solar conversion efficiency achieved
to date for any type of photovoltaic device.

Electronic Materials and Devices

o Demonstrated record efficiencies of 33.8% and 30.6% under one-sun global and space
conditions, respectively, with the inverted cell.

¢ Completed transition to the new laboratories facilities at the National Renewable Energy
Laboratory’s Science and Technology facilities; cell reliability, contacts, cadmium indium
gallium selenide (CIGS), and cadmium telluride (CdTe) laboratories are fully operational.

o Developed state-of-the-art infrastructure for organic-based thin-film photovoltaics (OPV).

e Achieved best-to-date efficiency of 19.1% heterojunction c-Si solar cell in the wafer
silicon field.

¢ Developed the “cone kinetics” model to guide film-Silicon growth.

Measurements and Characterization

e Supported more than 70 PV research partners in industry, academia, and NREL with
analytical microscopy, surface analysis, electro-optical characterization, and cell and
module performance.

¢ Initiated the design of an improved solar simulator that will reduce uncertainty in high-
efficiency concentrator measurements.

e Developed a luminescence spectrum imaging system for characterizing industrial silicon
wafers and solar cells.

Resource and Safety Research
e Conducted a life-cycle analysis of buffer options for CIGS photovoltaics.
e Completed the 1991-2005 National Solar Radiation Data Base (NSRDB) update and
documentation, including the 10-km satellite-derived data grid from the State University of
New York (SUNY) at Albany.

Photovoltaic R&D
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University and Exploratory Research

Performing Organizations: National Renewable Energy Laboratory (NREL)

Key Technical Contact: Fannie Posey Eddy (NREL), 303-384-6773, Fannie_Eddy@nrel.gov

DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2007 Budgets: $9,290K

Objectives
The project aims to explore the ultimate performance limits of photovoltaic (PV) technologies, approxi-
mately doubling their sunlight-to-electricity conversion efficiencies during its course. This work includes:

Perform research and development (R&D) on improved crystalline silicon cell efficiencies and
fabrication methods to reduce manufacturing costs. This work is leveraged by the Center of
Excellence.

Use advanced research activities to perform leading-edge research in thin-film materials and
solar cells. The R&D activities include device fabrication, device analysis, film growth, materials
characterizations, and modeling.

Design thin-film tandem cells and modules that have approximately 25% and 20% efficiencies.
Create multijunction pre-commercial concentrator modules that can convert more than one third
of the sun’s energy to electricity.

Develop high-risk/high-payoff third-generation (3G) PV technologies beyond 2015, including
high-efficiency and exciton-based solar cells.

Target emerging state of the art, high-efficiency concepts relative to advanced super-high-
efficiency cells to allow cost-effective generation of electricity and hydrogen.

Provide scientific and technical research opportunities for minority undergraduate and graduate
students in solar-energy technologies via the Minority University Research Associates (MURA)
project.

Accomplishments

Completed subcontract modification to maintain continuity of research activities and scientific staff
for an additional year (University Center of Excellence).

Received IR 100 award for NREL and Spectrolab’s achievement of a record 40.7%-efficiency
metamorphic 3-junction cell, the first solar cell to reach greater than 40% efficiency, and the
highest solar conversion efficiency achieved to date for any type of photovoltaic device.

Made modifications to add tasks to the AMONIX subcontract to build enough multijunction
receiver plates to populate an entire 5-kilowatt (kW) Mega Module at the University of Nevada—
Las Vegas (UNLV) using higher-efficiency multijunction cells.

Reported fabrication of ITO/P3HT/In and ITO/ZnO NWs+CdTe (QDs) +P3HT/In PV cells and
developed a scalable ZnO nanowire growth technology by Fisk University.

Enabled five undergraduate students to participate in the NREL MURA Internship Program. Three
posters were presented by NREL-MURA interns at the 17th Workshop on Crystalline Silicon
Solar Cells: Materials and Processes, August 5-8, 2007, Vail, Colorado.

Presented research findings by MURA Pls and students at the Renewable Academic Partnership

(REAP)/Sustainable Energy from Solar hydrogen NSF/IGERT Workshop, University of Delaware,

August 20-22, 2007.

Demonstrated a 3%-efficient hybrid inorganic polymer OPV cell at NREL.

Assisted DOE Golden Field Office (GFO) with the Solar America Initiative (SAl) university and
industry partnership solicitation and award process.

Future Directions
The project will continue to address key R&D issues in support of the SAl including:

Photovoltaic R&D
Fundamental Research
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o Demonstrate a 41% Ill-V multijunction solar cell incorporated into a high-concentration module.
o Design approaches for fabricating solar cells with greater than 50% efficiency, in quantity, in

5 years.

e Continue to assist GFO with the technical monitoring projects with the MURA program.
e Phase out projects and complete subcontracts during the fiscal year.

1. Introduction

The University and Exploratory Research Project
aims to explore the ultimate performance limits of
PV technologies, approximately doubling their
sunlight-to-electricity conversion efficiencies dur-
ing its course. Research and development is
directed toward advancing the progress of high-
efficiency technologies and their demonstration in
commercial prototype products. To accomplish
this, a wide range of complex issues are investi-
gated to provide initial modeling and baseline
experiments involving several advanced concepts.

The project includes both subcontract and NREL
in-house activities executed in parallel to reach
long-term goals (beyond 2015). A work plan is
being pursued between EERE and the Office of
Science to further the R&D efforts. To ensure the
success of the Solar America Initiative (SAl),
NREL currently is assisting in this effort as well as
with the SAI university and industry activities.

Subcontracted research categories within the
University and Exploratory Research Project
include the following areas: (1) polycrystalline thin-
film tandems; (2) research in IlI-V multijunction
concentrators; (3) future generation research; and
(4) research collaboration with minority universities
in the Minority University Research Associates
(MURA) Program.

The High-Efficiency Concepts group consists of in-
house NREL researchers and targets emerging
state-of-the-art, high-efficiency concepts relative to
advanced super-high-efficiency cells to allow cost-
effective generation of electricity and hydrogen.
This group primarily is from the Basic Sciences
Center and works directly with the NREL National
Center for Photovoltaics (NCPV) scientists and
Future Generation subcontractors.

Near-term milestones for the R&D are listed in the
CSP database and are addressed below. This
R&D will lead to new record cell efficiencies and to
commercial prototype products for the disruptive
and revolutionary technologies. For CPV, gaining
a position in the marketplace could portend the
emergence of CPV systems in the next 2 to 5

years at installed system costs of $3 per watt. One
MW at one sun of multijunction solar cells can
power 1 gigawatt (GW) at 1000 suns of systems.
Similarly 1 GW of multijunction solar cells can
power 1 terawatt (TW) of concentrator PV
systems, revealing a new path to significant TW-
levels of electricity production. For 3G tech-
nologies gaining market stance, 51%-efficient
solar cells could achieve below $1 per watt.

2. Technical Approach

The University and Exploratory Research Project
consist of five separate programs with research
subcontracted through industry and university
partners. All of the subcontracts are in the last
phase of the agreement and end in FY 2008.
However, the project is to be completed during the
fiscal year.

The MURA task provides scientific and technical
research opportunities for minority undergraduate
students to work on various solar-energy tech-
nology projects.

. FY 2007
Task Title Budget ($K)
Thin-Film Polycrystalline 860
Tandems
[1I-V Multijunction 1,128
Concentrators
Future Generation Project 703
MURA 344
Crystalline Si Universities 500
University Center of Excellence 1,250
High-Efficiency Concepts 2,060

. FY 2007

Agreement Title Budget ($K)
University and Exploratory 1,000
Research

3. Results and Accomplishments

3.1. University Exploratory Research Project
Management

University Exploratory Research (UER) project
management supports the management activities

Photovoltaic R&D
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needed for high-quality research within project
budgets. All subcontracted researchers work in
parallel with NREL scientists to reach long-term,
beyond 2015, goals.

A majority of the subcontracts under all of the UER
agreements ended in FY 2007. The remaining
subcontracts are slated to end in the summer of
FY 2008.

3.2. Thin-Film Polycrystalline Tandems

A series of tandem devices on p-type ribbon or
float zone (FZ) were fabricated at the Institute of
Energy Conversion (IEC) at the University of
Delaware and at Georgia Institute of Technology.
The objective of this work is to develop a-Si thin-
film/crystalline-silicon wafer tandem cells using a
very low-cost Si wafer, and to exceed the per-
formance of low-cost c-Si solar cells, such as
ribbon silicon cells. This device, illustrated in
Figure 1, has unique features including: (1) a very
low cost mc-Si material, such as ribbon Si, and/or
low-purity wafers; (2) a wafer thickness of 100 to
200 pym to reduce the cost of the wafer;
(3) deposited emitter/passivation layers as an
alternative to diffused emitters; and (4) a two-
terminal design.

TCO top contact with grid
(textured)

PN

a-SiC wide gap n-layer

a-Si i-layer

a-Si p-layer
Shorting junction

44—

44—

n-emitter

p-type wafer or
ribbon

Al back contact

Figure 1. a-Si/c-Si tandem solar cell device
schematic

The approach is twofold: (1) To fabricate series-
connected two-terminal tandem devices having an
a-Si top cell, and (2) fabricate a low-cost multi-Si
p-type bottom cell using low-cost device fabrica-
tion. Investigations of the effect of the shorting
junction between the top and bottom cells found
that the best shorting junction was a stack com-
posed of 5 nm of p+ nc-Si and 5 nm of n+ nc-Si.
This produced an a-Si/c-Si tandem solar cell with
an efficiency of 11.3% on a float zone Si wafer.

3.3. lI-V Multijunction Concentrators

¢ Modifications have been completed adding
tasks to the Spectrolab and AMONIX subcon-
tracts to build enough multijunction receiver
plates to populate an entire 5 kW MegaModule
at University of Nevada at Las Vegas (UNLV)
using higher-efficiency multijunction cells
(9/07). Amonix fabricated a new 21" MJ plate
and installed it at UNLV. It tested greater than
30% efficiency at Amonix in FY 2006 and
29.7% at UNLV during FY 2007.

e California Institute of Technology reported
having InGaP/GaAs two-junction cells on Ge
templates on Si with performance that is quite
comparable to those on Ge bulk wafer
substrates.

e Over the period of performance (POP) the
research at the University of Delaware from
the contract “Novel High Efficiency Photo-
voltaic Devices Based on the IlI-N Material
System” demonstrated the feasibility of the IlI-
nitrides as a photovoltaic material, including
demonstrating high-efficiency high-band-gap
solar cells suitable for tandems with a large
number of solar cells, novel device structures,
new modeling tools, and improved under-
standing of the physical mechanisms control-
ling the device behavior. The contract ends in
FY 2008 and the following summarizes the
Research Highlights for the POP to date.

o First demonstration of a GaN and InGaN
solar cell, including IQE of more than 60%
and Vocs of 2.4 eV.

o First demonstration of InN growth on Ge.

o Demonstration of metal epitaxial interface,
allowing low -resistance contacts between
InN and Ge and Si.

o Development of device design rules for
InGaN solar cells which include the effects
of polarization.

o Identification of mechanisms operating in
InGaN solar cells include polarization-
induced band spike in low-band gap
InGaN alloys.

o Development of first modeling program for
solar cells to include polarization effects
by modifying PC1D.

o Development of novel device structure for
InGaN solar cells.

3.4. Future Generation

The remaining Future Generation Subcontracts
end in FY 2008.

Photovoltaic R&D
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University of Delaware >50 % (ends 3/08)

The goal of the University of Delaware (UDEL)
subcontract, “Approaches to >50% Solar
Cells,” is to identify solar cell designs based
on advanced concepts that are capable of
reaching greater than 50% efficiency, and to
determine structures that can experimentally
demonstrate the feasibility of high-efficiency
advanced-concept solar cells. This project has
resulted in several advances, particularly for
intermediate-band multiple quasi-Fermi level
approaches. The maijor results include: (1) An-
alyzing the impact of fundamental non-
idealities on theoretical efficiency; (2) design
rules for achieving high efficiency and identifi-
cation of material systems to implement high-
efficiency devices; and (3) experimental exam-
ination of physical processes and characteri-
zation of multiple quasi-Fermi levels devices.
UDEL identified an expanded design space for
selection of materials systems to implement a
quantum dot (QD) solar cell with n > 50%.
This was done by the calculation of iso-
efficiency curves for a three-level system
under x1000 concentration. Using these
results and refined design rules, three III-V
materials systems were identified. Preliminary
experimental results from one system,
InAs/GaAsSb were presented. Early results
have shown the ability to tune the QD
properties via the GaAsSb barrier thickness.
UDEL also achieved two of the grant's major
milestones by demonstrating the absorption in
a simulation program and the simulation of
quantum effects, absorption and recombina-
tion properties of nanostructured absorbers
with deep quantum states.

Northwestern University (ends 6/08)

Material Development: The NU group reported
significant progress in developing n-type
transparent electrode materials in ZITO (zinc
indium tin oxide) and also p-type transparent
electrode materials development. Through this
work, the group describes an important link
between thin-film behavior and equilibrium
bulk phase defect chemistry. The existence of
“special” compositions was confirmed—its
composition and transparent electrode be-
havior correlate well with the bulk-phase
diagram and the propensity for Sn-excess
(donor doping) in the bulk. This is an important
step toward increased understanding and
control of thin-film TCOs for transparent elec-
trodes in organic photovoltaics (OPVs).

e Novel Redox Probe Development: North-
western University also developed a novel,
self-assembling redox probe to analyze the
surface electron transfer characteristics of
transparent conducting oxides (TCOs) for
OPVs. The NU group investigated the
coverage and electron transfer of organics on
inorganic (TCO) transparent electrode sur-
faces. In particular, the electronic properties of
various TCO surfaces have been probed
electrochemically via self-assembled mono-
layers (SAMs). A novel graftable probe
molecule having a tethered trichlorosilyl group
and a redox-active ferrocenyl functionality
(Fc(CH3)4SiCl;) was synthesized and charac-
terized for this purpose. This molecule can
self-assemble via covalent bonds to form
monolayers on various TCO surfaces, and be
used for subsequent electrochemical testing
(in terms of surface coverage and electron-
transfer rates). This is an important step
toward realizing high-efficiency OPVs.

e Methods Development: New methods have
been reported to better predict surface elec-
tronic structure—including predictions of work
function, an essential property for OPV appli-
cations of TCO electrodes. One new method,
the FLAPW (full-potential linear augmented
plane wave) band structure method, was used
to determine band structures and, for the first
time, the electronic properties at oxide sur-
faces (e.g., ZnO, InN, NiO).

3.5. Novel High-Efficiency Concepts

The task for NREL’s High-Efficiency Concepts
supports exploratory research in quantum dot
cells, theory of 1lI-V and thin-film solar cells, dye-
sensitized solar cells, and specialized characteri-
zation of IlI-V and thin-film solar cells. These high-
efficiency concepts could be leveraged into the
marketplace to achieve costs of less than $1/W.

e “Dye-sensitized solar cell project.” Re-
searchers completed the first study on the
transport and recombination dynamics in
dye-sensitized solar cells (DSSC) incorpor-
ating oriented TiO, nanotube (NT) arrays (K.
Zhu, N.R. Neale, A. Miedaner, A.J. Frank,
Nano Lett, 7, 69 (2007)). Transport and
recombination play a major role in determining
the overall solar-cell conversion efficiency,
therefore studying such phenomena is
important for further advances in the DSSC
technology. From the present study it was dis-
covered that the charge-collection efficiencies
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were significantly greater in NT-based DSSCs
than in their nanoparticle-based counterparts,
due to much slower recombination in the NT
films than in the nanoparticle films. Progress
also was made in developing synthetic routes
for preparing reproducible TiO, nanocrystals
for DSSCs using the sol-gel method. Despite
the fact that sol-gel chemistry is the most
common route for preparing TiO, nanocrystal-
line films for DSSCs, it still is challenging to
predict a priori the crystal size and structure
from a particular synthetic protocol. To
address this issue, researchers developed
reproducible routes for controlling the growth
of TiO, nanocrystallites over a broad range of
sizes and a narrow range of shapes
(N. R. Neale, A.J. Frank & J. Mater. Chem.
17, 3216 (2007)).

“Defect properties of CdTe and CdMTe study
and first-principles band-structure calculations
for TCO’s project.” Researchers are investigat-
ing doping polarity issues with wide-band-gap
(WBG) semiconductors used in solar cells as
transparent conductors and window layers.
Most WBG semiconductors exhibit the doping
polarity problem, that is, they can be doped
either n-type or p-type, but not both. NREL
has investigated this doping polarity issue and
proposed a universal approach to overcome
the doping difficulties. The approach is based
on the reduction of the ionization energies of
dopants through introduction and effective
doping of mutually passivated impurity bands.
The approach proposed can be applied, in
principle, to any WBG semiconductor to over-
come the doping asymmetry problem found in
these materials, and therefore will open a
broad vista for the application of WBG
materials.

“‘Quantum Dot Solar Cells.” Two types of
detailed theoretical analyses were conducted
for quantum dot (QD) solar cells. One was an
analysis of the maximum possible thermo-
dynamic conversion efficiency possible in a
two-component tandem quantum solar cell
based on multiple exciton generation (MEG) in
both or even just one of the quantum dot
layers, with each QD layer having a different
(optimum) band gap. The maximum efficiency
increased from about 32% for a normal solar
cell (1 electron-hole pair/photon) to about 45%
for a QD solar cell; a tandem cell did not in-
crease the efficiency over a single-layer cell.
The second analysis used an experimental
simple, all-inorganic QD solar cell developed
through collaboration with the BES program.

The cell produces a very large short-circuit
photocurrent (~25 mA cm?) via a Schottky
junction between a quantum dot film deposited
on a transparent conducting ITO electrode and
a metal counter electrode. The PbSe NC film,
deposited via layer-by-layer (LbL) dip coating,
yields an EQE of 65% across the visible and
up to 25% in the infrared region of the solar
spectrum, with a power conversion efficiency
of 2.4%. This NC solar cell produces larger
short-circuit currents than any existing nano-
structured solar cell, without the need for
sintering, superlattice order, or separate
phases for electron and hole transport. The
analysis was done to model the performance
of such a QD solar cell as a function of the cell
parameters (carrier mobility, carrier lifetime,
QD cross section, film thickness), and to show
the importance of MEG effects in the cell
performance.

Demonstration a 3%-efficient hybrid inorganic
poylmer OPV cell. NREL has established a
reproducible process for producing bulk hetero-
junction cells. This process required the devel-
opment of an all atmospherically controlled
process. This has been extended to approxi-
mately 3%-hybrid inorganic cells.

| Jee = 10.1 mA/cm?
| Ve =0605V

FF =65.5%
i=4.01%
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Novel Polycrystalline Tandems. NREL
reseachers are working to produce and char-
acterize carbon nanotube transparent elec-
trodes. Researchers studied the effects of
doping in the nanotube electrodes and per-
formed extensive temperature-dependent
electrical measurements to assess transport
and stability. Results showed that changes in
resistivity at high temperature are irreversible
and that, due to doping, thionyl chloride is a
relatively thermally stable dopant. Initial tests
were begun to incorporate these electrodes
into organic solar cells.
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3.6. Thin-Film Center of Excellence

The University Center of Excellence (UCE) con-
tinues to play an important role in supporting the
advanced research activities in thin-flm PV
materials and devices. The Institute of Energy
Conversion (IEC) is designated by the U.S.
Department of Energy, and for the past several
years it has been the UCE at the University of
Delaware. The IEC continues to make significant
contributions in both scientific and advanced
research in all three areas, namely, a-Si, CIS and
CdTe. Additionally, the IEC continues to play a
lead role in the support of new and emerging thin-
film PV companies that have limited human and
technical resources. Systematic processing varia-
tions were the focus of IEC's work. The IEC
routinely fabricated CdTe cells having greater than
13% efficiency. IEC provided NREL a Si hetero-
junction cell with the following characteristics:
Efficiency = 18.84%; Voc = 0.6708 V; Jsc = 36.183
mA/cm2; Fill Factor = 77.61%; masked area
0.247 cm”2; cell area 0.56 cm”"2.

3.7. The MURA Program

Subcontracts under the Minority University Re-
search Associates (MURA) Program have been
modified to extend through August 2008.

e MURA principal investigators and students
presented research findings at the Renewable
Academic Partnership (REAP)/Sustainable
Energy from Solar Hydrogen NSF/IGERT
Workshop, University of Delaware, August 20—
22, 2007.

e Fisk University reported fabrication of
ITO/P3HT/In  and ITO/ZnO NWs+CdTe
(QDs)+P3HT/In PV cells and is developing a
scalable ZnO nanowire growth technology
(8/07).

e Two MURA/FISK students were awarded 2-
year graduate degrees (6/07).

e Five undergraduate students participated in
the NREL MURA Internship Program. Three
posters were presented by NREL-MURA
interns at the 17th Workshop on Crystalline
Silicon Solar Cells: Materials and Processes,
August 5-8, 2007, Vail, Colorado.

3.8. Crystalline Silicon Universities

The Crystalline Si Project subcontracts have
ended or will end early in FY 2008. What remains
to be done is to close out existing contracts and
extend Texas Tech, NC State U., and GA Tech
contracts through February 2008. These contracts
will be closed out in FY 2008 due to resource

constraints. It is anticipated that some of the Si
activity will fit into the SAI University Partnerships
in FY 2008.

In its final report, the Manufacturing Research
Center (MARC) at Georgia Tech addressed photo-
voltaic manufacturing under an NREL subcontract.
The initiative led to the creation of the Photovoltaic
Manufacturing Laboratory (PVML) to address
fundamental and practical issues related to
handling and fracture of thin polycrystalline silicon
wafers used in solar cells, measurement of
residual and applied stresses in the wafer due to
processing and handling, and the development of
factory information software tools for real-time
monitoring of equipment used in solar cell manu-
facturing. The following results were reported.

Residual Stress Measurement

e Predominant orientations were found for cast
wafers.

¢ A relationship between dislocation density and
residual stress was demonstrated.

e Full stress components were obtained for
several silicon beams.

e Preliminary models were built to calculate
thermal effect for the polariscopy system.

Thin Wafer Handling and Breakage

e Results of an experimental and modeling
investigation of deformation and stresses pro-
duced in polycrystalline silicon wafers handled
by a Bernoulli gripper showed that the air-flow
rate and wafer thickness have a significant
effect on wafer deformation.

e For all wafer types, a transition in the maxi-
mum in-plane principal tensile stress location
from the center to the edges occurred as the
air-flow rate was increased. The relation
between the total stress and breakage was
analyzed by calculating the critical crack
length. Furthermore, breakage can be pre-
dicted by using the knowledge of residual
stresses, handling stresses (calculated from
the FE model), and wafer strength.

Factory Information Systems

e It was demonstrated that the CAMX standards
can be used by the photovoltaic industry to
improve productivity and reduce cost.
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4. Planned FY 2008 Activities

o Complete subcontracts in all programs.

o Demonstrate high-efficiency cell in concen-
trator module, 31%-efficiency conversion.

e Perform GFO-Release Solicitation, “Minority
University Research Associates Program.”

5. FY 2007 Special Recognitions

Spectrolab and NREL received an R&D 100 award
for achievement of a record 40.7%-efficiency
metamorphic 3-junction cell. This cell is the first
solar cell to reach efficiency greater than 40%, and
the achieved the highest solar conversion effi-
ciency to date for any type of photovoltaic device.

6. Major FY 2007 Publications

Chen, Shiyou, X. G. Gong, and S.-H. Wei, “Band
Structure Anomaly of Chalcopyrite Semiconduc-
tors Cugax, Versus Aggax, (X=S and Se) and
Their Alloys,” Phys. Rev. B., Vol. 75, 205209
(2007).

Da Silva, J. L. F., S.-H. Wei, J. Zhou, and X. Wu,
“Stability and Electronic Structures of Cu,Te,”
Appl. Phys. Lett., Vol. 90, 091902 (2007).

Hanna, M. C. and A. J. Nozik, “Solar Conversion
Efficiency of Photovoltaic and Photoelectrolysis
Cells with Carrier Multiplication Absorbers,”
Journal of Applied Physics, Vol. 100, 74510 (2006)
(published FYQ7).

Jena, H., M. Farug, Gnanasekar, and B.
Rambabu, “Nanocrystalline Bulk and Thin Films of
LaNi;xFe,Os:5 (x=0-0.5) (LNF) as Cathode
Material for IT-SOFCs,” Journal of Materials
Science (2007).

Jena, H., India Snowden, Fannie Posey Eddy, and
B. Rambabu, “A Study on Proton Transport in
Nanocrystalline Calcium Hydroxy Apatite and Its
Sr and Mg Substituted Analogues Prepared by
Sonochemical and Hydrothermal Methods,”
submitted to Journal of Materials Science (2008).

Jin, S., Y. Yang, J. E. Medvedeva, L. Wang, S. Li,
N. Cortes, A. W. Metz, J. Ni, M. C. Hersam,
A.J.Freeman, and T. J. Marks, “Tuning the
Properties of Transparent Oxide Conductors.
Dopant lon Size and Electronic Structure Effects
on CdO-Based Transparent Conductive Oxides.
Ga- and In- Doped CdO Thin Films Grown by
MOCVD,” Inorg. Chem. (in press).

Song, J.-H., T. Akiyama, A. J. Freeman, “Stabiliz-
ing Mechanism of the Dipolar Structure and its
Effects on Formation of Carriers in Wurtzite {0001}
Films: InN and ZnO,” Phys. Rev. B. (accepted for
publication).

Wu, X., J. Zhou, A. Duda, Y. Yan, G. Teeter,
S. Asher, W. K. Metzger, S. Demtsu, S.-H. Wei,
and R. Noufi, “Phase Control of Cu,Te Film and its
Effects on CdS/CdTe Solar Cell',” Thin Solid Films,
Vol. 515, 5798 (2007).

Yan, Y., C.-S. Jiang, R. Noufi, S.-H. Wei, H. R.
Moutinho, and M. M. Al-Jassim, “Electrical Benign
Behavior of Grain-Boundary in Polycrystalline
CulnSe, Films,” Phys. Rev. Lett., Vol. 99, 235504
(2007).

Yan, Y., J. Li, S.-H. Wei, and M. M. Al-Jassim,
“Possible Approach to Overcome the Doping
Polarity in Wide-Band-Gap Semiconductors,”
Phys. Rev. Lett., Vol. 98, 135506 (2007).

Yan, Y. and S.-H. Wei, “Doping Asymmetry in
Wide-Band Gap Semiconductors: Origins and
Solutions,” Phys. Stat. Sol., Vol. 245, 641 (2008).

Zhou, J., X. Wu, Y. Yan, S. Asher,
J.D. L. F.DaSilva, S.-H. Wei, L. Weinhardt, M.
Bar, and C. Heske, “The Mechanism of J-V ‘roll-
over in CdS/CdTe Devices,” Mater. Res. Soc.
Symp. Proc., Vol. 1012, Y13-03 (2007).

Photovoltaic R&D
Fundamental Research

University and Exploratory Research 10



7. University and Industry Partners

The following organizations partnered in the project’s research activities during FY 2007.

Organization/ Principal Description/ FY 2007
Investigator Location/e-mail Title of Research Activity ($K)
Design and Demonstration of a
Amonix, Inc. Torrence, CA Greater than 33% Efficiency High- 234*
Vahan Garbushian drvahan@earthlink.net Concentration Module Using 40%
111-V Multijunction Devices
California Institute of Four-Junction Solar Cell with 40%
Pasadena, CA Target Efficiency Fabricated by "
Technology . 184
haa@daedalus.caltech.edu Wafer Bonding and Layer
Harry Atwater
Transfer
. . Renewable energy technology
Central State University Wilberforce, OH cfuller@prodigy.net | and technology transfer in 34
Clark Fuller . -
developing countries
. . Modeling Metallic Precipitate
Duke University Durham, NC Dissolution in Silicon Under Point 51
Teh Tan ttan@duke.edu S
Defect injection
Fisk University Nashville, TN Development of Si quantum dots
. . for advanced solar cells with 41
Richard Mu rmu@fisk.edu ) e
maximum efficiency
Georgia Institute of
Technology
Atlanta, GA .
Steven Danyluk steven.danyluk@me.gatech.edu Stress Evaluation 50
Ostapenko
Georgia Institute of .
Atlanta, GA Stress Evaluation and
Technology steven.danyluk@me.gatech.edu Manufacturing of Wafers 200
Steven Danyluk ' ) )
?gggﬂﬁ;git't“m of Aflanta, GA Thin-Film Si Bottom Cells for 200
Ajeet Rohatgi Ajeet.Rohatgi@ece.gatec.edu Tandem Device Structures
Developing automation/strategies
Howard University Washington, DC to improve power management 50
J. M. Momoh jmomoh@msn.com and distribution of renewable
energy resources
North Carolina A&T State . Modeling performance of a grid-
. ) Greensville, NC .
University ash@ncat.edu connected PV systemin a 41
G. Shahbazzi ) residential area
North Carolina Central Durham. NC Fabricating and characterizing
University 'md@nc,cu edu bulk and non-phase PV materials 41
Joe Dutta ) ) for student research
North Carolina State Raleigh, NC . .
George A. Rozgonyi rozgonyi@ncsu.edu Defect Engineering 65
Northwestern University Evanston, IL Interface and Electrodes for Next- 250
Tom Mason tmason@northwestern.edu Generation Organic Solar Cells
. . . Novel Materials Development for
Oregon State University Corvallis, OR Polycrystalline Thin-Film Solar 204
Douglas Keszler Douglas.keszler@orst.edu Cells
Penn State University Park. Pennsvivania Electron Cyclotron Resonance
S Ashok(é,PSU’edu y (ECR) Hydrogenation and 15
S. Ashok ) ) Deuteration of Solar Cell Samples
Southern University and A&M Student research projects related
Baton Rouge, LA '
College Rambabu@grant.phys.subr.edu to energy conversion and storage 37
Rambabu Bobba grant.phys. ) devices

1"
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Organization/ Principal Description/ FY 2007
Investigator Location/e-mail Title of Research Activity ($K)
Spectrolab, Inc. Sylmar, CA Ultra-High-Efficiency Multijunction 318*
Raed Sherif rsherif@spectrolab.com Cell and Receiver Module
Texas Tech Lubbock, TX Theoretical Modelling, H- 75
Stefan Estreicher Stefan.Estreicher@ttu.edu Passivation
Underwriters Lab/ Arizona . Development of IEC Design
. . Phoenix, AZ L
State University Liang ji@us.ul.com Qualification Standard for 40
Liang Ji 9 T Concentrator PV Modules
University of Colorado- Boulder, CO Ultra-High Efficiency Excitonic .
Boulder michlj@colorado.edu Solar Cells 2r8
Josef Michl )
Processing, Materials, Devices
University of Delaware Newark, DE and Diagnostics for Thin Film 1257
Robert Birkmire Birkmire@ee.udel.edu Photovoltaics: Fundamental and
Manufacturing Issues
University of Delaware Newark, DE Novel High Efficiency PV. Devices -
C o Based on the llI-N Material 175
Christiana Honsberg honsberg@ece.gatech.edu System
University of Delaware Newark, DE Theor_etlcgl and Experimental .
Christiana Honsber honsberg@ee.udel.edu Investigation of Approaches to 190
9 gzee.uae’ >50%-Efficient Solar Cells
. . High-Performance PV
U_nlversny of Delaware Newark, DE Polycrystalline Thin-Film Tandem 90
Bill Shafarman wns@udel.edu Cells
Identifying the Electronic
Properties Relevant to Improving
University of Oregon Eugene, OR the Performance of High Band- 140
David Cohen dcohen@darkwing.uoregon.com Gap Copper-Based I-11I-VI2
Chalcopyrite Thin Film PV
Devices
Student/faculty teams for
UnlverS|ty of Texas, Brownsville, TX designing a.nd deyeloplng
Brownsville mjblanco@utb.edu computer-simulation tools for 34
M. Blanco ) ’ design of solar concentrating
systems.
University of Texas, El Paso | El Paso, TX Investlgat_lon,_ fabrication, .
characterization, and modeling of 45
Gregory Lush glush@gerdau.com
solar cells
University of Toledo Toledo, OH Sputtered 11-VI Alloys and 113

Alvin Compaan

adc@physics.utoledo.edu

Structures for Tandem PV

* Forward funded into FY 2008
** Modification pending for FY 2008
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Electronic Materials and Devices
Concentrator Crystalline Cells

Performing Organization: National Renewable Energy Laboratory (NREL)
Key Technical Contact: Daniel Friedman (NREL), 303-384-6472, daniel_friedman@nrel.gov
DOE HQ Technology Manager: Marie Mapes, 202-586-3765, marie.mapes@ee.doe.gov

FY 2007 Budgets: $2,369K*

*Reference funding table in appendix

Objectives
o Demonstrate a high-efficiency inverted triple-junction concentrator solar cell at 300 suns.
o Establish optical stress sensor as an in situ probe of relaxation of lattice-mismatched solar cells.
e Transfer the recipe for the inverted friple-junction cell to the low-pressure reactor to identify
differences in growth of this structure at low pressure.
e Assess the potential for further efficiency improvements in inverted three-junction solar cells.
e Grow ~1 eV GalnNAs with Bi surfactant toward achieving >2 pm depletion width in GalnNAs.

Accomplishments

¢ Identified a limiting series resistance in the contact layers of inverted, lattice-mismatched devices,
resulting in a peak efficiency of 38.9+2.3% at 80 suns and 36% at approximately 300 suns.

o With the inverted cell, demonstrated record efficiencies of 33.8% and 30.6% under one-sun
global and space conditions, respectively.

o Assessed the potential for further efficiency improvements in an inverted cell, with greater than
42% efficiency projected.
Implemented and refined an in situ technique to determine the film stress during growth.
Transferred cell recipes to a low-pressure metal-organic vapor phase epitaxy (MOVPE) reactor
and demonstrated inverted top cells, tunnel junctions, GalnP/GaAs tandems, and GalnP grades
to GalnAs.

e Grew GalnNAs solar cells with a Bi surfactant and demonstrated depletion widths in excess of
2 um.

e Measured and modeled the outdoor performance of GalnP,/GaAs tandem cells under direct
illumination, lending support for the use of the American Society of Testing and Materials (ASTM)
G-173 direct spectrum to design concentrator cells for maximum daily energy and midday power.

Future Directions

o Demonstrate inverted, lattice-mismatched multijunction (iLMM) devices with a concentrator
performance peak above 100 suns.

o Demonstrate iLMM cells with optimized second- and third-junction band gaps.

e Study the effects of growth temperature, surfactants, and impurities on lattice-mismatched
epitaxy.

e Perform a comparative evaluation of degradation mechanisms in multijunction cells and plan for
work to mitigate identified problems.

1. Introduction

A large portion of the U.S. market for photovoltaics
(PV) may best be served by utility-scale PV
systems. Such systems can minimize electricity
costs through the use of tracking PV concentrator
systems. The exciting business prospect for PV

concentrators is that all sections of the supply
chain are well developed to support a
multigigawatt capacity, because most PV
components share production technology with

other commercially available products. The U.S.
Department of Energy’'s PV research and
development (R&D) has recognized this
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opportunity and maintained a research program
for the development of high-performance
concentrator cells. Thus, research in the
Concentrator Crystalline Cells Group at NREL
focuses its resources on development of ultra-
high-efficiency solar cells that form the heart of the
concentrator system. Moving the next generation
of devices into manufacturing requires that we
understand and control the growth of lattice-
mismatched structures in order to reliably produce
high-efficiency devices. Mismatched layers with
high quality can be grown if the strain and
relaxation properties are controlled in order to limit
the dislocation density. This is demonstrated by
the record results from NREL and Spectrolab for
two different types of lattice-mismatched cell
designs, both with an efficiency approaching 40%.
In this area, our primary activity is to expand the
understanding and control of the epitaxial
processes that influence strain and relaxation.

For lattice-matched devices, a higher efficiency
could theoretically be achieved if the photocurrent
generated in the Ge junction could be divided
between a 1-eV material and the bottommost Ge
junction. The dilute nitride material GalnNAs
continues to be the most promising candidate for a
1-eV junction. Growth of GalnNAs by molecular
beam epitaxy (MBE) has achieved remarkably
improved photocurrents, but open-circuit voltages
remain a challenge. In FY 2007, we aimed to
bring this work to closure; however, this now
appears to have been premature. Therefore, we
are maintaining our capabilities with this materials
system, because we have received very favorable
estimates of the potential of this work from a
potential industry partner.

As industry chooses to embrace the high-
efficiency concentrator approach, many questions
arise, including one about the sensitivity of power
generation to changing spectral conditions. The
Concentrator Crystalline Cells Group continues to
support the growth of industry by providing on-sun
measurement and modeling of concentrator cells
in real-world operation.

2. Technical Approach

This project is composed of three primary
research tasks. These research tasks and areas
of investigation are as follows:

2.1 Inverted Lattice-Mismatched Approach

e Decrease deleterious series resistance in
inverted, metamorphic devices to improve
operation at high concentration

e Assess the usefulness of in situ stress
measurements for lattice-mismatched epitaxy.

2.2 Dilute Nitrides

e Study the effects of Bi as a surfactant for dilute
nitride materials

e Use a Bi surfactant to grow ~1 eV GalnNAs
with a depletion width >2 uym.

2.3 Concentrator System Device Issues

e Address outdoor measurements of tandem
cells designed for different spectral conditions

e Address modeling of on-sun data to determine
the effects of spectral skewing.

3. Results and Accomplishments

3.1 Inverted Lattice-Mismatched Approach

Milestones for this activity were as follows:

e Achieve a 300 suns inverted triple-junction cell
(Level 3, June 2007)

o Establish optical stress sensor as an in situ
probe of relaxation of lattice-mismatched solar
cells (Level 4, March 2007)

e Transfer the recipe for the inverted triple-
junction cell to the low-pressure reactor to
identify differences in the growth of this
structure at low pressure (Level 4, June 2007)

e Assess the potential for further efficiency
improvements in an inverted three-junction
solar cell (Level 4, June 2007).

We have been working on a new approach for
ultra-high-efficiency concentrator tandem solar
cells based on inverted IlI-V heteroepitaxial
structures that combines both lattice-matched and
lattice-mismatched component subcells in a
monolithic structure, as shown in Figure 1. In this
approach, high-quality GalnP top junctions and
GaAs middle junctions are grown inverted and
lattice-matched on a GaAs substrate. A lattice-
mismatched 1.0-eV GalnAs bottom junction is
grown last on a transparent GalnP compositionally
step-graded layer. After growth, the sample is
attached to a convenient handle, the original
substrate is removed, and the grids are applied.
Quantum efficiency data for an inverted device is
shown in Figure 2. An early device achieved
37.9% efficiency at about 10 suns, but it was
limited from further improvement in efficiency by a
series resistance.
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In FY 2007, we identified a limiting series
resistance in the contact layers, thus completing
an important milestone. A dedicated flash
simulator donated from the measurements group
was very important for quickly identifying this
resistance. Optimization of semiconductor contact
layers and metal grid design increased the peak
efficiency to 38.9+2.3% at 80 suns. This device
also operated at concentrations greater than 300
suns, completing a Level 3 milestone. Open-
circuit voltage, fill factor, and efficiency data for
this device are shown in Figure 3. One Se-doped
GalnNAs contact layer was used to achieve high
carrier concentration and reduce dopant diffusion
from the contact interface during subsequent
growth. A further reduction in series resistance is
required for optimal performance at 500X to
1000X concentration. The resulting potential
efficiencies were assessed at greater than 42%.
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Fig. 1. Schematic of inverted triple-junction

structure. The band gap of the semiconductor
layers are indicated by a rainbow color scale
(violet = high, red = low).

While optimizing this structure for operation under
high concentration, we fabricated several devices
for operation under one-sun global and space
conditions. These devices demonstrated record
efficiencies of 33.8% and 30.6% under these
conditions, respectively. This technology (referred
to as IMM devices) has been transferred to
Emcore, and the organization has achieved even

higher efficiencies under AMO spectral conditions
(31.9% reported in Milan) while using industrial
capacity processing equipment.
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reflectance of the AM1.5G inverted triple-junction
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efficiency of the AM1.5D (low-AOD) inverted triple-
junction device as a function of irradiance (1000
W/m? = 1 sun). The V. is fit with a simple diode
equation (dashed line).

Engineering the strain in lattice-mismatched solar
cell junctions is an important factor in optimizing
their performance. Graded structures that result in
near-zero strain within lattice-mismatched devices
was pioneered during thermophotovoltaic studies
by Mark Wanlass of NREL. Time-consuming x-ray
diffraction measurements have been used in the
past to characterize and improve the strain. In FY
2007, we implemented and refined an in situ
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technique to determine the film stress during 0.6 I . . I

.
growth. In situ stress data from a multibeam S o5pQ © 6o 0o o
optical stress sensor (MOSS) were compared and 8 04 —TiM o ;
correlated with ex situ strain measurements from 0.3 (@ 0o
x-ray diffraction and the performance of lattice- «— 02
mismatched 1.0-eV GalnAs solar cells, as shown § 10 v vy V¥ 7
in Figure 4. The efficiency of these 1.0-eV devices E a0l Y Y v v
was found to quickly degrade under tensile stress % 13.0L "_'
and strain, but excellent performance was - 3 < S
demonstrated  for  near-zero or  slightly < s « < T
compressive stress and strain (see Figures 5 and - r < 7
6). Transmission electron microscopy (TEM) and Lo 65 <
cathodoluminescence demonstrated relatively low g orc <4
defect densities (~2x10° cm™) in these optimized g Spa M Aa B, .
structures. The MOSS proved to be an essential 8 a4l o
time-saving tool for optimization of stress for high- & g ~ A,
performance, lattice-mismatched junctions in M 103
inverted devices and will likely be useful for S 1020 m -
industrial production of such devices. = 101 % ge .
“ 100 0 mp
. 04Misfitoo; buff%r 2with s(;)l1ar cel(l] (;A;) o % 0.99 — -
o B R N . A =0. nominal composition
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r A A 'g. Fig. 5. Solar cell data are shown as a function of
Y] E—— AR 00 & junction stress during growth. Eg was derived from
= 5 quantum efficiency data. The actual In,Ga;,As
< R o doq € composition ~ was  derived  from  x-ray
ol o e g o measurements.
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Fig. 4. Shown are growth temperature stress
calculated from in situ MOSS measurements and
room temperature strain calculated from ex situ x-
ray diffraction measurements for both the
In»;Ga 73As active junction and the thick Ga,lni P
layer at the top of the graded buffer as a function
of the composition of this layer.
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Fig. 6. Shown are 220 dark field TEM images of
two inverted InGaAs solar cells grown with
different film stress in the active layer: (a) 0.12
GPa compressive, (b) 0.17 GPa tensile.
Threading dislocations (TD) and the ends of misfit
dislocations (MD) are observed in the thick
InGaAs layer of sample b.

We have begun growing inverted cells on the low-
pressure (cluster-tool) metal-organic chemical
vapor deposition, or MOCVD, growth chamber,
completing a Level 4 milestone. The goal of this
work is a recipe for an inverted
GalnP/GaAs/GalnAs three-junction device that
can then be optimized and studied. Work so far
has produced functional (but not optimal) inverted
top cells, tunnel junctions, GalnP/GaAs tandems,
and GalnP grades to GalnAs. This work will
continue in FY 2008.

In addition to these activities, we have evaluated
possible improvements to the lattice-mismatched
device; many of these wil be explored
experimentally in FY 2008. These include the use
of different band-gap combinations for optimum
conversion efficiency, new grid designs for higher
concentration, transparent back contacts for use in
a mechanically stacked device, and improved
antireflection coatings.

3.2 Dilute Nitrides

GalnNAs solar cells could be useful in next-
generation multijunction solar cells if issues
surrounding low photocurrents and photovoltages
are surmounted. Wide-depletion-width devices
generate significant photocurrent using a p-i-n
structure grown by MBE, but these depletion
widths are realized only in a region of parameter
space that leads to rough surface morphologies.
Thus, bismuth was explored as a surfactant for the
growth of GalnNAs solar cells. Very low fluxes of
Bi proved effective at maintaining smooth
surfaces, even at high growth temperatures and In
contents. However, Bi also increased the net
donor concentration in these materials, manifested
in our n-on-p device structures as a pn-junction
that moves deeper into the base layer with
increasing Bi fluxes. This effect is shown in Figure
7. Quantum efficiency modelling and scanning
Kelvin probe microscopy measurements confirm
the type conversion of the
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Fig. 7. Measured and calculated IQE data for a
set of GalnNAs(Bi) solar cells with different
impinging fluxes of Bi (the Bi flux is labelled for
each curve). With Bi present, the base layer
converts to n-type, creating a thick emitter.

base layer from p-type to n-type. Bismuth
incorporation in GaAsBi samples shows signs of
surface segregation, leading to a finite build-up
time, and this effect may lead to slow changes in
the electrical properties of GalnNAs(Bi) devices.
Bismuth also appears to create a defect level, as
measured by deep-level transient spectroscopy
measurements, although this defect level is not
deleterious enough to increase the dark current in
the devices. This painstaking work has recently (in
FY 2008) attracted a potential industry partner.

Photovoltaic R&D
Fundamental Research

17 Electronic Materials and Devices



3.3 Concentrator System Device Issues

We have measured and modeled the outdoor
performance of GalnP,/GaAs tandem cells under
direct illumination for concentrator applications.
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Fig. 8. Fill factor is plotted versus time for a set of
tandem cells (A—E) during a test day. Cell A has
the thinnest top cell and is well suited for a “blue-
rich” AMO space spectrum. Cell E has the thickest
top cell and is best suited for “red-rich” morning
and evening spectra. Measured (top) and
modeled (bottom) results are shown. Both plots
are for cells at one-sun (collimated/direct), and the
cells are cooled to 25°-30°C. Current-matched
times for cells C, D, and E are indicated along the
bottom axis with dashed lines.

This study lends support to the use of the ASTM
G-173 direct spectrum to design cells for
maximum daily energy and midday power. A
similar "low AOD" spectrum, and even the AM1.5G
spectrum, will also work quite well. The old G159
"AM1.5D" spectrum is a poor choice, unless
maximizing morning and/or evening power
production is a priority.

We also proposed an outdoor testing method for
characterizing spectral skewing of the incident
spectrum by the optics of a concentrator system.
Here, "spectral skewing" refers to any change in
the incident spectrum, which affects the current
matching of a tandem cell. This method requires
no modification of the concentrator system and is
therefore suitable for long-term monitoring of
systems in continuous use.

Our method is based upon the variation of the fill
factor as the incident direct spectrum changes
over the course of a clear, sunny day (see Figure
8). Sharp minima occur when cells C, D, and E
are current-matched. (Cells A and B are never
current-matched, so only a single broad minimum
is seen.) If the optics of a concentrator system
preferentially remove “blue” top cell light from the
incident spectrum, then a more blue-rich incident
spectrum is required for current-matching, shifting
the fill factor minima toward midday. If “red”
bottom cell light is preferentially removed, then a
more red-rich incident spectrum is required for
current matching, so the fill factor minima will shift
toward sunrise and sunset (away from midday).
Such shifts can be used to detect and diagnose
spectral skewing by concentrator optics, outdoors
during continuous operation with no modification
to the concentrator systems.

4. Planned FY 2008 Activities

During FY 2008, this project will complete several

milestones, including these:

e Demonstrate an iLMM device with
concentrator performance peak above 100
suns (September 2008).

e Demonstrate an iLMM cell with optimized
second- and third-junction band gaps
(September 2008).

e Study the effects of growth temperature,
surfactants, and impurities on lattice-
mismatched epitaxy (September 2008).

e Perform a comparative evaluation of
degradation mechanisms in multijunction cells,
and plan for work to mitigate identified
problems (September 2008).
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5. FY 2007 Special Recognitions, Awards, and
Patents

Dan David Prize: Quest for Energy
Dr. James Hansen, Dr. Sarah Kurtz, and Dr. Jerry
Olson

United States Patent 7,229,498

Andrew Norman and Jerry Olson, “Nanostructures
produced by phase-separation during growth of
(IN-V)1x(IV>)x alloys; issued June 12, 2007.

Dr. Bill McMahon chaired the Solar Energy and
Applications session of SPIE's Optics and
Photonics conference, held 28-30 August 2007 in
San Diego, California.

6. Major FY 2007 Publications

J.F. Geisz, S. Kurtz, M.\W. Wanlass, J.S. Ward, A.
Duda, D.J. Friedman, J.M. Olson, W.E. McMahon,
T.E. Moriarty, and J.T. Kiehl, "High-efficiency
GalnP/GaAs/InGaAs ftriple-junction solar cells
grown inverted with a metamorphic bottom
junction," Appl. Phys. Lett. 91, 023502 (2007).

J.F. Geisz, A.X. Levander, A.G. Norman, K.M
Jones, M.J. Romero, "In situ stress measurement
for MOVPE growth of high efficiency lattice-
mismatched solar cells," J. Crys. Growth, in press.

A.J. Ptak, R. France, C.-S. Jiang, and R.C. Reedy,
“The Effects of Bismuth on Wide-Depletion-Width
GalnNAs Solar Cells,” J. Vac. Sci. Technol. B, in
press.

B. Fluegel, A. Mascarenhas, A. J. Ptak, S. Tixier,
E. C. Young, and T. Tiedje, “Common origin of E.
in GaAs 4N, and GaAs,,Biy: invalidity of the BAC
model,” Phys. Rev. B, 76, 155209 (2007).

T. Liu, D. Korakakis, S. Chandril, T.H. Myers, and
AJ. Ptak, “Bismuth surfactant effects for GaAsN
and beryllium doping of GaAsN and GalnAsN
grown by molecular beam epitaxy,” J. Cryst.
Growth 304, 402 (2007).

W.E. McMahon, K.E. Emery, D.J. Friedman, L.
Ottoson, M.S. Young, J.S. Ward, C.M. Kramer, A.
Duda, and S. Kurtz, “Fill Factor as a Probe of
Current-Matching for GalnP,/GaAs Tandem Cells
in a Concentrator System during Outdoor
Operation,” Prog. in Photovoltaics, in press.

W. E. McMahon, K. E. Emery, D. J. Friedman, L.
Ottoson, M. S. Young, J. S. Ward, C. M. Kramer,
A. Duda, and S. Kurtz, “Daily Fill Factor Variation
as a Diagnostic Probe of Multijunction
Concentrator Systems during Outdoor Operation,”
High and Low Concentration for Solar Electric
Applications Il session of SPIE’'s Optics and
Photonics conference (28-30 August 2007, San
Diego); Proc. of SPIE, Vol. 6649, 664906 (2007).

Photovoltaic R&D
Fundamental Research

19 Electronic Materials and Devices



Electronic Materials and Devices
Polycrystalline Thin-Film Device Research

Performing Organization: National Renewable Energy Laboratory (NREL)

Key Technical Contact: Timothy Gessert (NREL), 303-384-6451, tim_gessert@nrel.gov

DOE HQ Technology Manager: Marie Mapes, 202-586-3765, marie.mapes@hq.doe.gov

FY 2007 Budgets: $2,537K (NREL)*

*Reference funding table in appendix

Objectives

Finalize fit-up designs and complete the moving of equipment related to cadmium telluride
(CdTe), cadmium indium gallium selenide (CIGS), transparent conducting oxides (TCO),
reliability, and multi-user measurements from the NREL Solar Energy Research Facility (SERF)
to the NREL Science and Technology Facility (S&TF).

Order initial components of the CIGS Process Development and Integration Laboratory (PDIL)
platform in the S&TF and continue the design development of the CdTe PDIL platform.

Begin to reestablish research activities in S&TF.

Secure intellectual property (IP) related to the design of novel TCOs or for use in thin-film
photovoltaics (PV).

Assist with development of goals and metrics associated with CdTe and CIGS Technology
Roadmaps, including the coordination of PDIL platform designs.

Accomplishments

Completed fit-up designs and facilities coordination to enable 100% of equipment moves to the
S&TF: Cell Reliability laboratories were completed in October 2006, Contacts laboratories were
completed in December 2006, CIGS laboratories were completed in February 2007, and CdTe
laboratories were completed in April 2007.

Restarted full research activities in the User Characterization and Cell Reliability laboratories.
Completed facility and environment, safety, and health (ES&H) requirements to allow functionality
of 50% of major laboratory equipment in Contacts, CdTe, and CIGS laboratories.

Placed the order for the CIGS PDIL platform chamber and related sputter chambers.

Future Directions

Complete ES&H and facilities requirements for full functionality of equipment in the remainder of
the S&TF laboratories.

Finalize specification and engineering for the remaining components of the CIGS PDIL platform
and place order(s). Finalize specification and engineering for initial components of CdTe PDIL
platform and place order(s).

Assess strategies that can establish a key metric for ultimate device performance immediately
following CIGS deposition.

Expand research on alternative processes for CIGS layer deposition.

Accelerate research on high-band-gap absorber layers for tandem-junction polycrystalline thin-
film PV devices.

Initiate research to foster partnerships with commercial glass companies to develop PV-specific
products.

1. Introduction directed at thin-flm semiconductor materials,

The

device properties, and fabrication processes to
research undertaken by the NREL improve the efficiency, stability, and cost of

Polycrystalline  Thin-Film Devices Group is photovoltaic solar energy conversion. This
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research can be broadly divided into three
categories: (1) application of capabilities to assist
industry and national research teams in
addressing current problems; (2) exploration of
specific techniques and processes to develop and
transfer technology improvements that industry will
soon need; and (3) providing the understanding
that builds a solid technical foundation for the
continuing improvement of thin-film PV products.
Within this framework, the project supports CIGS,
CdTe, and TCO thin-film technologies and
develops procedures needed to understand and
quantify the cell-level reliability of PV devices.
Activities and time frames are consistent with
those identified in the DOE Solar Program Multi-
Year Technical Plan and related Technology
Roadmaps.

NREL's CIGS and CdTe technologies lead the
world in demonstrated cell performance, while
innovations  related to high-quality TCO
technologies are being rapidly assimilated into the
thin-film industry.  Because thin-flm PV can
generate lower cost PV electricity (in dollars per
watt) than many historical alternatives, thin-film PV
is the fastest growing segment of the PV market.
Providing innovations and a solid technical
foundation for this rapidly expanding industry is at
the heart of the efforts of the NREL Polycrystalline
Thin-Film Devices Group.

2. Technical Approach

The project is composed of research associated
with CdTe and CIGS device development. FY
2007 funding for cell-level reliability was derived
partly from the CdTe/CIGS device activity, and
partly from the Module-Reliability Project. FY 2007
activities related to TCO research were also
funded partly through the CdTe/CIGS device
activity, and partly through an NREL Fellows
Research Grant (providing approximately one full-
time graduate student). Research tasks are
described below.

2.1 CdTe Research

e Baseline cell research, including advanced
TCO development for superstrate devices

e Functionality and optimization of buffer layers

e Junction studies, including defect evolution
during CdCl, treatment and contacting

o Wide-band-gap absorbers for polycrystalline
thin-film tandem solar cells

e Mechanisms of CdTe intrinsic device stability.

2.2 CIGS Research
e Baseline cell research, including advanced
TCO development for substrate devices

e Examination of device performance in
progressively thinner absorber layers
e Improved processes for larger-scale

manufacture of CIS with high-performance
e Examination of CIGS intrinsic device stability
modes.

3. Results and Accomplishments

Efforts in FY 2007 were dominated by activities
associated with moving the research equipment of
the Polycrystalline Thin-Films Group from their
previous locations in the SERF laboratory building
to new locations in the S&TF laboratory building.
Although the amount of time necessary for actual
movement of the equipment was relatively short
(and contracted to external groups), a significant
amount of work on the part of the staff was
required before and after each move. This
included disconnection of utilities, separation of
discrete components, and compliance with ES&H
pre-move procedures. After the move, technical
staff performed the equipment reconstruction and
modifications needed; coordinated the work of
temporary technicians, S&TF fit-up building
contractors, and NREL facilities staff; and
established (or reestablished) the required ES&H
documentation and compliance. By the end of FY
2007, 100% of the equipment had been moved to
the S&TF, 100% of all SERF laboratories had
been evacuated per ES&H requirements, and

approximately 50% of the S&TF-located
equipment was  operational per ES&H
requirements. We estimate that activities

associated with the S&TF move consumed 50%-
80% of the technical staff's time in FY 2007.

The following discussion describes results and
accomplishments that were achieved in addition to
SERF-S&TF move-related activities.

The NREL Polycrystalline Thin-Film Devices
project leads the world in the development of
CdTe and CIGS thin films and related materials for
use in high-performance, stable, single-junction
solar cells. The project objectives support near-
term manufacturing, build a knowledge and
technology base for future manufacturing
improvements, and sustain innovation that
supports progress toward the long-term Solar
Energy Technologies Program goal of 15%-
efficient commercial modules. Over the past
decade, we have steadily improved the quality of
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the layers in the CdTe device and achieved a
world-record efficiency of 16.5%.  Our work in
CIGS set the world record in 2006 at 19.52%. Our
polycrystalline tandem solar cells of semi-
transparent CdTe atop CIS set a record of 15.3%.

In FY 2007, shortly after the recommissioning of
the CIGS deposition capabilities in the S&TF in
August, a CIGS device was fabricated that that
has since been confirmed at 19.88% efficiency.
This result exceeds the previous world-record
efficiency (19.52%) by a noticeable margin and
has indicated a pathway toward even higher
efficiency. A publication describing the process
improvements that yielded these results was being
finalized at the end of FY 2007. The result also
confirms that the equipment and procedures used
for our CIGS research have survived the rigors
and design modifications associated with the
move, and they can again be relied upon to
produce the high baseline performance that has
placed NREL at the forefront of the CIGS research
community.

The reestablishment of CdTe device activities in
FY 2007 was guided primarily by deliverables
associated with a funds-in cooperative research
and development agreement (CRADA) that began
in mid-FY 2007 with Primestar Solar. (Note that
FY 2007 interactions related to the Primestar
CRADA were very beneficial to Primestar. Work
at the end of the fiscal year resulted in cell
performance levels well above 10%; major
contributions were made in the back contact,
CdCy,, and CdTe deposition processes.)

These activities required the reestablishment of
routine CdCl, processing, deposition of Zn,SnO,
and related buffer-layer materials, deposition of
Cd,SnO,4 TCO materials, formation of ZnTe:Cu/Ti
contacts, formation of graphite-paste contacts, and
procedures related to baseline reliability
measurements. By the end of FY 2007, all these
processes and procedures were operational.
Work was ongoing to reestablish the ES&H
documentation and equipment modifications
required for the deposition of CdTe by close-space
sublimation (CSS) and SnO./SnO,:F by chemical
vapor deposition (CVD).

Activities related to the development of novel
TCOs focused on two material systems. The first
was the development of an aluminum-doped zinc
oxide (ZnO:Al) material designed to achieve
higher infrared (IR) transmission for use in CIGS
solar cells. Unlike “standard” ZnO:Al that contains
~2 wt.% Al,O3 and is sputter-deposited in pure

argon, our research determined that if a
hydrogen/argon sputtering ambient is used, the
Al,O3 content can be reduced to ~0.05 wt.% to
provide significantly improved electron mobility
and higher carrier activation. Because fewer free
carriers (electrons) are required to produce a low-
resistivity film, higher IR transparency results.

Preliminary incorporation of this new composition
of ZnO:Al into CIGS devices has yielded quantum
efficiencies higher than those achieved on world-
record CIGS devices. Therefore, further testing
was actively proceeding at the end of the fiscal
year.

The second TCO project involves the development
of a ZnO + MgO alloy (ZnMgO) that may afford the
ability to control the valance-band discontinuity at
the Zn(Mg)O/CdS interface, thereby allowing
higher open-circuit voltages at higher gallium
concentrations. The material may also have
greater resistance to environmental corrosion
when compared with that of ZnO. Initial analysis
of ZnMgO fabricated by radio-frequency sputter
deposition has been encouraging, and results
related to the incorporation of the layer into CIGS
devices are expected in early FY 2008.

The final FY 2007 highlighted accomplishment is
the placing of the order for the initial components
of the PDIL CIGS platform tool. The components
of this tool will allow CIGS deposition within the
boundaries of the PDIL design guidance (i.e., 6-in.
X 6-in. format, multiple runs per chamber service
(up to 100), 1.1-m transfer height, pod transfer,
cassette loading, and robot compatibility). The
order was placed with DCA Instruments in
Finland, and acceptance testing by NREL staff at
the DCA factory is scheduled for mid-FY 2008.
The placement of this order marks a significant
step toward establishing the first of the PDIL
platforms being designed by the Polycrystalline
Thin-Film Devices Group.

4. Planned FY 2008 Activities
In the early part of FY 2008, significant effort will

continue to be directed at reestablishing research
capabilities in the S&TF, specifically in the area of

CSS CdTe and CVD TCO deposition. This and
other planned activities are as follows:
e Complete fittup of the group’s S&TF

laboratories to attain the functionality of the
previous SERF laboratories.

e Finalize specification and engineering for the
remaining components of the CIGS PDIL
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platform, including the solution-growth CdS
component.

Finalize specification for initial components of
CdTe PDIL platform.

Assess strategies that can establish a key
metric for ultimate device performance
immediately following CIGS deposition.
Accelerate research on high-band-gap
absorber layers for  tandem-junction
polycrystalline thin-film PV devices.

Expand the research into alternative
processes for CIGS layer deposition.

Initiate partnerships with commercial glass
companies to develop PV-specific products.

5. FY 2007 Special Recognitions and Patents

T.A. Gessert was the Lead Symposium Co-
Organizer for the Spring 2007 Meeting of the
Materials Research Society (MRS) for a
symposium on Thin Fiim Compound
Semiconductor Photovoltaics.

M. Contreras has been selected as a
Symposium Co-Organizer for the 2007 Spring
Meeting of the MRS.

T.A. Gessert was elected chair-elect for the
Vacuum Technology Division of the American
Vacuum Society. His Chair responsibilities
were to begin in January 2008.

U.S. Patent No. 7,179,677 B2, was awarded
on February 20, 2007, for “ZnO/Cu(InGa)Se2
Solar Cells Prepared by Vapor Phase Zn
Doping” to K. Ramanathan, F.S. Hasoon, S.E.
Asher, J. Dolan, and J.C. Keane.

A patent was filed, NREL (04-11) in May 2007
titted “Transparent Conducting Oxides and
Production Thereof,” by T.A. Gessert, Y.
Yoshida, and T.J. Coutts.

A record of invention was filed with DOE, IR
07-42, in September 2007 titled “High Quality
Doped ZnO Thin Films,” by T.A. Gessert, J.
Duenow, T. Barnes, and T.J. Coultts.

6. Major FY 2007 Publications

T. M. Barnes, X. Wu, J. Zhou, A. Duda, J. van
de Lagemaat, T.J. Coutts, C.L. Weeks, D.A.

Britz, and P. Glatkowski, “Single-Wall Carbon
Nanotube Networks as a Transparent Back
Contact in CdTe Solar Cells,” Appl. Phys.
Lett., 90 (24), 243503 (2007).

M. Contreras, T. Barnes, J. van de Lagemaat,
G. Rumbles, T.J. Coutts, C. Weeks, P.
Glatkowski, I. Levitsky, J. Peltola, and D.A.
Britz, “Replacement of Transparent
Conductive Oxides by Single-Wall Carbon
Nanotubes in Cu(ln,Ga)Se,-Based Solar
Cells,” J. Phys. Chem. C: Nanomaterials and
Interfaces, 111 (38), 14045-14048 (2007).
R.G. Dhere, K. Ramanathan, J. Scharf, H.
Moutinho, B. To, A. Duda, and R. Noufi,
“Investigation of Cdi,Mg,Te Alloys for
Tandem Solar Cell Applications,” Proc. 4"
WCPVEC, Piscataway, NJ, IEEE, 546 (2006).
J. N. Duenow, T.A. Gessert, D.M. Wood, T.M.
Barnes, B. To, and T.J. Coutts, “Transparent
Conducting Zinc Oxide Thin Films Doped with
Aluminum and Molybdenum,” J. Vac. Sci.
Tech. A, 25(4), 955-960 (2007).

T.A. Gessert, S. Asher, S. Johnston, A. Duda,
and M.R. Young, “Formation of ZnTe:Cu/Ti
Contacts at High Temperature for CdS/CdTe
Devices,” Proc. 4" WCPVEC, Piscataway, NJ,
IEEE, 432-435 (2006).

T.A. Gessert, S. Asher, S. Johnston, M.
Young, P. Dippo, and C. Corwine, “Analysis of
CdS/CdTe Devices Incorporating a ZnTe:Cu
Contact,” Thin Solid Films, 515, 6103-6106
(2007).

X. Wu, J. Zhou, A. Duda, Y. Yan, G. Teeter, S.
Asher, W.K. Metzger, S. Demtsu, S.H. Wei,
and R. Noufi, “Phase Control of Cu,Te Film
and its Effects on CdS.CdTe Solar Cell,” Thin
Solid Films, 515 (15), 5798-5803 (2007).

J. Zhou, X. Wu, A. Duda, G. Teeter, and S.H.
Demtsu, “Formation of Different Phases of
Cu,Te and Their Effects on CdTe/CdS Solar
Cells,” Thin Solid Films, 515 (18), 7364-7369
(2007).
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7. Industry Partners

The following organizations partnered in the project’s research activities during FY 2007.

Organization/ . . Description/Title of Fyz2007 | Cost
Principal Location/e-mail Research Activit ($K) Share
Investigator y ($K)
Primestar Solar Golden, CO Sca[e of CdTe Photovoltaic 316 20
. Device Processes for
Fred Seymour fred.seymour@primestarsolar.com . o
Commercial Applications
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Electronic Materials and Devices
Process Technology and Advanced Materials

Performing Organization:

Key Technical Contact:

National Renewable Energy Laboratory (NREL)

David Ginley (NREL), 303-384-6573, david_ginley@nrel.gov

DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2007 Budget: $764K*

*Reference funding table in appendix

Objectives

e Develop organic-based thin-film photovoltaics (OPV).
e Apply combinatorial methods to identify optimum material and demonstrate conductivity

>6200 S/cm in transition metal oxides.

e Develop novel solution-based processes for photovoltaics (PV), including metallization and

copper indium gallium selenide (CIGS).

Accomplishments

e Developed new combinatorial capabilities for Raman, work function, deposition, and elemental
analysis; identified two systems with conductivities >6000 S/cm.

o Filed applications for six patents on the direct printing of precursors for copper indium diselenide
(CIS) solar cell absorbers and metallization for Si solar cell contacts.

o Developed state-of-the-art infrastructure for OPV; obtained a 4.2%-efficient bulk heterojunction
cell and >3% inverted OPV solar cells using zinc oxide (ZnO) anodes; and initiated reliability

lifetime studies.

Future Directions

e Develop improved polymers for OPV and address interface issues to achieve a 6%-efficient solar

cell with >2000 hour stabilities.
o Transfer ink-based technology to partners.

¢ Initiate partnerships with awardees in the Solar America Initiative (SAI).

1. Introduction

The Process Technology and Advanced Concepts
Group supports the DOE Solar Program by
developing new process technology and advanced
device concepts in areas that support a wide
range of solar technologies. First, we apply our
capabilities to assist industry and the national
research teams in addressing current problems.
Second, we explore specific techniques and
processes to develop and transfer technology
improvements that industry will soon need. Finally,
we seek to create new technologies and lead the
development of the knowledge base and tools for
the future of photovoltaics. Through these
activities, the group analyzes and develops PV
technologies at the cell and module level, in all of
the application targets and time frames identified

in the DOE Solar Program Multi-Year Technical
Plan.

The relatively low cost of electric power in the
United States will drive PV production to a lower
cost-point than is needed in most of the rest of the
world. This requires new processes that enable
production methods that avoid vacuum processing
(which is costly), minimize mechanical stress (to
reduce breakage and increase yield), or
dramatically increase throughput. The exploration
and development of technologies to exploit these
three opportunities compose the primary tasks of
the Process Technology and Advanced Concepts
Group.
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2. Technical Approach

Process and Advanced Concepts

Jointly with Sandia National Laboratories
(SNL), develop next-generation OPV devices
and begin to look at issues of scalability and

lifetime
o Develop combinatorial materials science
deposition, diagnostics, and data analysis

tools and explore application to transparent
conducting oxide (TCO) materials; these will
be applied to silicon (Si), CIS, and cadmium
telluride (CdTe) as well as to OPV

Develop ink-jet processing of electronic
materials for application to metallization and
semiconductor materials for Si, CIS, and OPV
Develop an advanced laser process station for
the laser scribing, laser annealing, and laser
recrystallization of PV device structures

Initiate Cooperative Research and
Development Agreements (CRADAs) (e.g.,
HelioVolt, Evergreen Solar, BP, Konarka,
TDA, Plextronics, and XJET).

3. Results and Accomplishments

Process and Advanced Concepts

3.1 Jointly with SNL, develop next-generation OPV
devices and begin to look at the issues of
scalability and lifetime. Our OPV program has
begun to gain national and international attention
as a result of our integrated approach to new
acceptor and donor development along with our
developments in new process technology, new
characterization tools specific to OPV, and initial
results addressing the lifetime (intrinsic and
extrinsic) of the devices. Figure 1 shows some
early encapsulation results for a bulk hetero-
junction device.
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Fig. 1. Initial aging data for a bulk heterojunction
device with various encapsulation techniques
showing strong extrinsic effects, potentially of
water and oxygen (accepted for publication in
Solar Energy Materials).

Table 2. Deposition Results

Table 2 shows how the hole injection layer—
poly(3,4-ethylenedioxythiophene)-polystyrene
sulfonate (PEDOT/PSS)—can be deposited by
spin coating, or the more scalable ink-jet printing,
or ultrasonic spray deposition with nearly identical
results. Recently, we have been able to spray the
bulk heterojunction in air as well with >2%
conversion efficiency over a 1-in.-square device.

3.1 Develop combinatorial materials science
deposition, diagnostics, and data analysis tools for
application TCO materials. These will be applied
to Si, CIS, and CdTe as well as OPV. The
combinatorial tool development has continued with
the addition of new tools for mapping work
function, optical properties, and conductivity. We
have now automated many of the tools and the
associated data collection to move toward an
integrated data management system. These have
been applied to an increasingly broad range of
problems, with a focus on TCOs. A key focus has
been the continued investigation of amorphous

TCO materials because of their excellent
conductivity, transparency, smoothness,
processability, and low-temperature deposition.
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Fig. 2. (a) Conductivity (o), (b) carrier

concentration (N), and (c) Hall mobility (u).of the
amorphous films vs. oxygen content during
sputtering.
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Fig. 3. (a) Hall mobility (u) versus -carrier

concentration (N) for amorphous and crystalline
compositions denoted by A and X respectively,
with a dashed line included as a guide to the eye
and (b) slope of mobility versus temperature at
various values of N.

3.3 Ink-jet processing of electronic materials:
application to metallization and semiconductor
materials for Si, CIS, and OPV. This work has
focused on the development of new inks for CIGS
solar cells and inks for contacts to PV devices. In
the former case, this project focuses on the
development of an atmospheric and direct write
ink-based approach to CIS solar cells.
Accomplishing this involves a multistage process
of developing precursor inks for the various
components of the cell and then integrating them
via ink-jet printing and rapid thermal processing
into actual devices. This period we continued to
develop our new copper selenide (CuSe) ink,
which has a much more appropriate Cu/Se ratio
and is leading to improved films with stoichiometry
control. We have incorporated our Ga precursor
with our In precursor to produce good IGS films.
The combined process solution precursors with
rapid thermal or FASST processing has led to the
development of films with very good grain
structures, as seen in Figure 4.

27

Fig. 4. Ink-based precursors incorporated with
FASST processing to produce large-grain CIS.
Scale bar is one micron.

The University of Minnesota has continued to
focus on the development and processing of
precursors to ZnO films. The primary focus this
period has been to continue to evolve the Ga-
doped ZnO materials and to work on film
formation. We have also begun to synthesize new
precursors for the TCOs at NREL with a focus on
IZO. A route has been identified that produces
amorphous material at relatively low temperature,
but the film quality is not good. Work has focused
on optimizing film deposition for the HelioVolt
process and scaling to 6-in. wafers. Using this
approach, we now have over 4%-efficient solar
cells over large areas. We have continued to
improve solution-based metallizations by ink-jet
and have demonstrated that we can write nickel
(Ni) over scribed cell materials with good
conductivity. This project should lead to a novel,
low-cost, scalable production technique for CIS
solar cells.

In the latter case, this includes Ni/silver (Ag) and
Ni/Cu for CIGS and Ag with a variety of burn-
through and doping agents for Si solar cells. We
have been able to achieve up to 13%-efficient Si
solar cells on small areas (>1 cm2) with printed
contacts and burn-through agents and are scaling
the process for 6-in. wafers through the
implementation of two next-generation printing
systems. Figure 5 is a close-up of the Ag lines on
Si showing a width of 40-50 ym for a multilayer
line with a thickness of 10 um.
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Fig. 5. Both drop on demand and multilayer
printing of Ag on silicon nitride coated Si wafer.
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3.4 Develop an advanced laser process station for
the laser scribing, laser annealing, and laser
recrystallization of PV device structures. Figure 6
illustrates the current version of the laser process
station. It has an excimer, an yttrium aluminum
garnet (YAG), and a CO; laser to be able to scribe
and process from the ultraviolet to the infrared.
Current optics allow for 1-um spot size with 0.1-uym
table positioning accuracy. The system has built-in
particle removal and beam positioning and
indexing systems.

Fig. 6. Laser process station (current version).

4. Planned FY 2008 Activities

The primary focus will be on the following:
Continued improvement of OPV devices,
processing to larger areas and addressing
reliability and packaging issues

Technology transfer of ink-based contacts and
absorbers and development of next-
generation inks and processing

Use of laser processing to develop large-grain
template layers for thin-film Si on glass
Development of new TCOs with a focus on
very high performance, stability, interfacial
chemistry, and work function; continued
examination of amorphous systems and
development of ink-based approaches to high-
performance TCOs.

5. FY 2007 Special Recognitions, Awards, and
Patents

Numerous project staff has been chosen by their
peers to lead professional organization activities
as general chair, program chair, session
organizer, session chair, tutorial instructor, and
similar honors. The more notable of these
recognitions are:

David Ginley served as volume organizer for
the Materials Research Society’s MRS Bulletin
Special Addition on Harnessing Materials for
Energy, a two-year project published in April
David Ginley is editor of a Springer book on
TCOs, to be published this year

David Ginley, John Perkins, and Sean
Shaheen have all been symposia organizers
for MRS, SPIE, and the American Physical
Society (APS) for PV or Combi-related topics.
David Ginley and Joseph Berry received the
DOE llluminating Ideas Award for their joint
effort with Pacific Northwest National
Laboratory to develop new TCOs for organic
light-emitting diodes based on the Combi work
developed in the PV program.

David Ginley is chairing the sustainable
energy symposia at the first MRS/Chinese
MRS meeting.

The group has also generated new intellectual
property:

Novel process approaches for InZnO

Ink precursors for CIGS materials

New contact metallizations for ink-jet contacts
to solar cells.
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6. Major FY 2007 Publications

E. Bundgaard, S.E. Shaheen, F.C. Krebs, and
D.S. Ginley, “Bulk heterojunctions based on a low
band gap copolymer of thiophene and
benzothiadiazole,” Solar Energy Materials & Solar
Cells 91(17), 1631-1637 (2007).

M.S. Dabney, and D.S. Ginley, “In situ etch rate
measurements of thin flm combinatorial libraries,”
Applied Surface Science 254(3), 687-691 (2007).

M.S. Dabney, M.F.A.M. van Hest, C.W. Teplin, S.
Arenkiel, J.D. Perkins, and D.S. Ginley, "Pulsed
laser deposited Nb doped TiO, as a transparent
conducting oxide,” Thin Solid Films 516(12), 4133-
4138 (2008).

E. Fortunato, D. Ginley, H. Hosono, and D.C.

Paine, “Transparent conducting oxides for
photovoltaics,” MRS Bulletin 32(3), 242-247
(2007).

D.S. Ginley, C.J. Curtis, A. Miedaner, M.F.A.M.
van Hest, and T. Kaydanova, “Metal inks from
metal-organic precursor,” U.S. Pat. Appl. Publ., 11
pp- (2008).

A.B. Kozyrev, V.N. Osadchy, D.M. Kosmin, A. V.
Tumarkin, T. Kaydanova, and D. Ginley, “Time
tuning of ferroelectric film varactors under pulse
voltages,” Applied Physics Letters 91(2),
022905/1-022905/3 (2007).

A.J. Leenheer, A. Miedaner, C.J. Curtis, M.F.A.M.
van Hest, and D.S. Ginley, “Fabrication of
nanoporous titania on glass and transparent
conducting oxide substrates by anodization of
titanium films,” Journal of Materials Research
22(3), 681-687 (2007).

A.J. Leenheer, J.D. Perkins, M.F.A.M. van Hest,
JJ. Berry, R.P. OHayre, and D.S. Ginley,
“General mobility and carrier concentration
relationship in transparent amorphous indium zinc
oxide films,” Physical Review B: Condensed
Matter and Materials Physics 77(11), 115215/1-
115215/5 (2008).

A. H. Mahan, S.P. Ahrenkiel, R.E.I. Schropp, H. Li,
and D.S. Ginley, “A comparison of grain nucleation
and grain growth during crystallization of HWCVD
and PECVD a-Si:H films,” Thin Solid Films 516(5),
529-532 (2008).

D.C. Olson, S.E. Shaheen, R.T. Collins, and D.S.

Ginley, “The Effect of Atmosphere and ZnO
Morphology on the Performance of Hybrid Poly(3-
hexylthiophene)/ZnO  Nanofiber  Photovoltaic
Devices,” Journal of Physical Chemistry C
111(44), 16670-16678 (2007).

D.C. Olson, Y.-J. Lee, M.S. White, N. Kopidakis,
S.E. Shaheen, D.S. Ginley, J.A. Voigt, and J.W.P.
Hsu, “Effect of Polymer Processing on the
Performance  of  Poly(3-hexylthiophene)/ZnO
Nanorod Photovoltaic Devices,” Journal of
Physical Chemistry C 111(44), 16640-16645
(2007).

J. D. Perkins, M.F.A.M. van Hest, C.W. Teplin,
M.A. Gillispie, M.F.A.M. van Hest, M.S. Dabney,
J.D. Perkins, and D.S. Ginley, “Sputtered Nb- and
Ta-doped TiO2 transparent conducting oxide films
on glass,” Journal of Materials Research 22(10),
2832-2837 (2007).

J. Piris, N. Kopidakis, D.C. Olson, S.E. Shaheen,
D.S. Ginley, and G. Rumbles, “The locus of free
charge-carrier generation in solution-cast Zn1-
xMgxO/poly(3-hexylthiophene) bilayers for
photovoltaic applications,” Advanced Functional
Materials 17(18), 3849-3857 (2007).

M.O. Reese, M.S. White, G. Rumbles, D.S.
Ginley, and S. Shaheen, “Optimal negative
electrodes for poly(3-hexylthiophene):[6,6]-phenyl
C61-butyric acid methyl ester bulk heterojunction
photovoltaic devices,” Applied Physics Letters,
92(5), 053307/1-053307/3 (2008).

B. Roy, J.D. Perkins, T. Kaydanova, D.L. Young,
M. Taylor, A. Miedaner, C. Curtis, H.-J. Kleebe,
D.W. Readey, and D.S. Ginley, “Preparation and
characterization of sol-gel derived copper-
strontium-oxide thin films,” Thin Solid Films
516(12), 4093-4101 (2008).
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Electronic Materials and Devices
Silicon Materials and Devices

Performing Organization: National Renewable Energy Laboratory (NREL)

Key Technical Contacts: Qi Wang (NREL, Wafer Si), 303-384-6681, gqi_wang@nrel.gov
Howard Branz (NREL, Film Si), 303-384-6694, howard_branz@nrel.gov

DOE HQ Technology Manager: Marie Mapes, 202-586-3765, marie.mapes@ee.doe.gov

FY 2007 Budgets: $2,544K*
*Reference funding table in appendix

Objectives
e Conduct scientific research on silicon Si-based materials and photovoltaic (PV) devices.
o Demonstrate scalable epitaxy technique for film-Si on glass.
e Understand Si based solar cells.

Accomplishments

Achieved 19.1% heterojunction c-Si solar cell.

e Achieved low temperature high growth rate epi-Si.

o Developed the “cone kinetics” model to guide film-Si growth.

e Developed high rate low gap a-SiGe:H solar cell by hot-wire chemical vapor deposition
(HWCVD).

e Completed the purchase of Si-cluster tool.

Future Directions
Develop low-cost and high-efficiency film Si.

e Develop high efficiency c-Si solar cell for manufacturing.
¢ Develop novel Si for low cost and high efficiency Si.
e Collaborate with U.S. industry partners.
1. Introduction scientific literature that effectively leverages our

PV research and development (R&D) spending.
The Silicon Materials and Devices Group makes 2. Technical Approach
science and technology advances that can help
meet the DOE Solar Energy Technologies  Our main project in the wafer silicon field in fiscal
Program (SETP) targets in the near-term, mid- year (FY) 2007 was the development of silicon
term and long-term. Silicon-based PV modules heterojunction (SHJ) surface passivation and solar
accounted for more than 96% of commercial sales cells. Superior passivation will lead to high open-
in 2007, at a module selling price of $3-4 per watt  circuit voltages and a key factor for high efficiency.
(W). To reach the DOE 2020 goal of $0.06/kWh In the film silicon field, we worked on developing
PV electricity, 18% wafer-based modules would high efficiency low gap a-SiGe:H solar cell at 4 A/s
likely need to sell at about $1/W. Fifteen percent  to harvest red light in the multijunction cell. We
film Si modules could sell at a slightly lower cost. also worked on high quality low temperature
This will require a combination of increases in cell epitaxial (epi) Si growth to use less Si material in
efficiency and reduced costs in almost all c¢-Si solar cells on low-cost substrates. We
components. Silicon remains the material of  purchased a versatile multi-chamber Si cluster tool
choice for terrestrial power photovoltaics (PV)  for future advanced Si research and collaboration
because silicon is abundant, non-toxic and has  with industry partners.
demonstrated marketplace acceptance. There is
a well-developed industrial base in all forms of
silicon, and an enormous, rapidly growing, Si
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3. Results and Accomplishments

The SHJ is fabricated by putting ultra-thin
hydrogenated amorphous silicon (a-Si:H) layers
on c¢-Si and this passivation is a key step toward
fabrication of high-efficiency silicon solar cells
(21%-25% potential) at low temperatures (<250°C)
with simple processing. Low-temperature is
critical for PV-cost reduction through use of thinner
wafers that incorporate less Si feedstock. In FY
2007, we made our best SHJ cell to-date with a
confirmed efficiency of 19.14% and a V. of 678
mV on p-type wafer. This is the best reported
efficiency on a p-type wafer using an SHJ
structure. We also achieved the best reported
open circuit voltage of 0.689 V with a fill factor of
0.81. This further demonstrates the passivation
quality of hot-wire a-Si:H and positions our group
to implement advanced device concepts requiring
the extremely low SRV of the SHJ. We expect that
PV cells employing SHJ passivation and/or
emitters to be manufactured in the United States
within the next 5 years and are collaborating with
an industrial group to make this a reality.

Fig.1 Silicon heterojunction solar cell on p-type
wafer with a cell mask area of 0.9 cm?

We also worked to improve the lowgap (bottom)
cells for multijunction Si film PV by use of hot-wire
CVD a-SiGe:H at 4 A/s to effectively convert red
photons to electricity. Microcrystalline Si bottom
cells have not yet been shown to have adequate
properties at economical deposition rates, so
commercially successful multijunction rely mainly
upon a-SiGe:H bottom cells. When the Ge content
is increased to reduce the bandgap, the PECVD a-

SiGe:H electronic quality declines precipitously.
We have demonstrated remarkably high quality a-
SiGe:H by use of a Ta-filament in HWCVD and
have a collaborative program with United Solar to
implement high-quality graded-bandgap devices
compatible with their multijunction approach. This
project resulted in solar cells with initial efficiency
of 8.65% at a 1.45 eV average bandgap.

An important applied science achievement was
application of the cone kinetics model of 2-phase
microstructure formation to the problem of
nanocrystalline and protocrystalline Si  film
formation. The ‘cone kinetics’ model, explains
development of cone-shaped inclusions during
nanocrystalline silicon film growth and during low-
temperature silicon epitaxy breakdown. We have
now extended this model with a publication in
Applied Physics Letters to protocrystalline (‘edge’)
amorphous silicon, Si heterojunctions and other Si
film morpholologies. The model predicts cone
growth during thin-film deposition by plasma-
enhanced and other chemical vapor deposition
techniques when there is isolated nucleation of a
second phase which grows faster than the first
phase together  with isotropic growth.
Protocrystalline amorphous silicon and other
embedded crystallite forms are understood as
nucleation of a slightly slower-growing phase that
is overtaken by the more rapid growing matrix
phase. Our new ‘morphology phase diagram’
explains the continuously varying nanocrystalline
film morphology with increasing H-dilution of silane
precursors. This kind of scientific understand
should lead to better control of morphologies
critical to thin-film silicon solar cell performance.

Our mid-term, high-risk goal (5-10 year) is to
develop crystal Si films on glass that can be used
to fabricate 15%-PV cells. We aim for crystal Si
efficiencies at costs per unit area at manufacturing
costs more characacteristic of thin-films
(~$100/m®). Development of this wafer-equivalent
on glass requires excellent Si seed layers on the
glass and a capability for rapid expitaxial
thickening with about 5-20 microns of Si. We
succeeded in making a 10-fold increase in
epitaxial thickness from our best previous results;
we can now grow 10 microns of film silicon by the
scalable HWCVD technique at about 620°C.

Even with improved epitaxy, defects in the Si films
on glass will require hydrogen passivation, as in
today’s high-performance multicrystalline PV cells.
We have developed an inductively-coupled
hydrogenation system combined with a rapid
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thermal anneal capability. Nearly completed, this
system will improve our film-PV solar cells once it
has passed safety review.

Despite worldwide attention, the problem of
growing quality seed layers on glass for epitaxy
has been difficult. Collaborators at Hahn-Meitner
Institute in Berlin have provided us thin layers on
glass made by the Al-induced layer exchange
method; these have 10-50 micron grain sizes with
only a weak preferential orientation. We
demonstrated the ability to grow microns of high-
quality silicon on these seeds on borosilicate
glass. We appear to grow epitaxially on each
grain, but of course the grain boundaries
propagate through the layer. We have negotiated
a Cooperative Research and Development

Agreement (CRADA) with a U.S. industrial partner
who can make superior grains on inexpensive
substrates. Through the CRADA, they will supply
seeds and we will demonstrate epitaxial thickening
and work toward PV devices on their layers.

Fig. 2. Transmission electron micrograph of

HWCVD epitaxial silicon layer grown on c-Si seed
layer on borosilicate glass. Al-induced c-Si layer
(from HMI-Berlin) shows grain bound boundary that
propagates into epitaxy (arrow).

Finally, our Group worked with the NREL
Engineering Team toward construction and
hookup of the first major cluster tool to be installed
in NREL's large Process Development and
Integration Laboratory (STF-PDIL). The system
has 8 deposition chambers, including both PECVD
and HWCVD chambers with high-throughput
deposition capabilities. There is also a sputtering
chamber in which we can finish solar cells with
conducting oxides after a-Si:H layer deposition.
The substrate size is significant larger than our
previous capabilities, up to 15.7 x 15.7 cm?. In FY
2008, this cluster tool will be a keystone of our
thin-film deposition capabilities for amorphous
silicon and wafer Si solar cell development.
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Fig. 3 Schematic diagram of Si cluster tool
delivered to PDIL in STF building.

4. Planned FY 2008 Activities

Wafer Silicon

Purchase and install CZ-crystal grower.
Develop large size heterojunction solar cells.
Study surface and bulk passivation of c-Si.
Prototype interdigitated solar cell using
heterojunction a-Si:H layer.

Film Silicon

Improve low defect low temperature epitaxial
growth.

Demonstrate epitaxial growth on candidate Si
seed layers.

Develop hydrogenation methods for small
grain Si film and devices.

Install the Si cluster tool and develop a-Si:H
based films and devices in.

5. FY 2007 Patents

Q. Wang and E. Iwaniczko, U.S. Patent No.
7,122,736 B2.

P. Stradins and Q. Wang, “Rapid thermal
processing by stamping,” filed 2007.

Q. Wang et al, “Low-temperature junction
growth using hot-wire chemical vapor
deposition,” filed 2007.

6. Major FY 2007 Publications

V. Gowrishankar, S. Scully, A. Chan, Q. Wang, H.
Branz, and M.D. McGehee, “Exciton harvesting,
charge transfer and charge-carrier transport in
amorphous-silicon nanopillar / polymer hybrid
solar cells,” J. Applied Physics, August 2007.
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S. Datta, J. Cohen, Y. Xu, A. Mahan, and H.
Branz, “Junction capacitance study of an oxygen
impurity defect exhibiting configuration relaxation
in amorphous silicon-germanium alloys deposited
by hot-wire CVD,” J. Non-Crystalline Solids.

D. Young, D. Williamson, P. Stradins, Y. Xu, L.
Gedvilas, E. lwaniczko, Y. Yan, H. Branz, and Q.
Wang, “Nanostructure evolution in hydrogenated
amorphous silicon during hydrogen effusion and
crystallization,” Appl. Phys. Lett., Vol. 90, 81923-6,
2007.

C. Teplin, E. Iwaniczko, B. To, H. Moutinho, P.
Stradins, and H. Branz, “Breakdown physics of
low-temperature silicon epitaxy from silane

radicals” Phys. Rev. B, Vol. 74, 235428, 2006.

J. Doyle, Y. Xu, R. Reedy, H. Branz, and A.
Mahan, “Film Stoichiometry and Gas Phase
Chemistry in HWCVD of a-SiGe:H,” Thin Solid
Films, 10 July 2007.

H. Branz, C. Teplin, D. Young, M. Page, E.
Iwaniczko, L. Roybal, R. Bauer, A. Mahan, Y. Xu,
P. Stradins, T. Wang, and Q. Wang, “Recent
advances in hot-wire CVD R&D at NREL: From
18% silicon heterojunction cells to silicon epitaxy
at glassw-compatible temperatures,” Thin Solid
Films, 18 June 2007.

J. Cohen, S. Datta, K. Palinginis, A. Mahan, E.
Iwaniczko, Y. Xu, and H. Branz, “Defect analysis
of thin film Si-based alloys deposited by hot-wire
CVD using junction capacitance methods,” Thin
Solid Films, 18 June 2007.

V. Gowrishankar, S. Scully, M. McGehee, Q.
Wang, and H. Branz, “Exciton splitting and carrier
transport across the amorphous-silicon/polymer
solar cell interface,” Appl. Phys. Lett, Vol. 89,
252102, 2006.

M. Du, H. Branz, R. Crandall, and S. Zhang, “Self-
trapping enhanced carrier recombination at light-
induced boron-oxygen complexes in silicon,” Phys.
Rev. Lett., Vol. 97, 256602, 2006.

P. Stradins, C. Teplin, D. Young, Y. Yan, H. Branz,
and Q. Wang, “Crystallization of thin-film Si
monitored in real time by in-situ spectroscopic
techniques,” J. Mat. Sci.: Mats in Electronics, Vol.
18, S309-S313, 2007.

Q. Wang, C. Teplin, P. Stradins, B. To, K. Jones,
and H. Branz, “Significant improvement in silicon

chemical vapor deposition epitaxy above the
surface dehydrogenation temperature,” J. Appl.
Phys., Vol. 100, 93520, 2006.

D. Young, D. Williamson, P. Stradins, Y. Xu, L.
Gedvilas, H. Branz, R. Reedy, A. Mahan, and Q.
Wang “Rapid solid-phase crystallization of high-
rate, hot-wire-chemical-vapor deposited
hydrogenated amorphous silicon” Appl. Phys. Lett.
Vol. 89, 161910, 2006.

Q. Wang, M. Page, E. Iwaniczko, Y.Q. Xu, L.
Roybal, R. Bauer, D. Levi, Y. Yan, D. Meier, T.
Wang, and H. Branz, “Silicon heterojunction solar
cells by hot-wire CVD,” Solar World Congress
2007 Beijing, China, 2007.

D. Levi, E. Iwaniczko, Q. Wang, and H. Branz,
“Materials Optimization for Silicon Heterojunction
Solar Cells Using Spectroscopic Ellipsometry,”
Proc. MRS Spring Meeting Symposium A, 2007.

P. Stradins, O. Kunz, D. Young, Y. Yan, Y. Xu, R.
Reedy, H. Branz, A. Aberle, and Q. Wang,
“Comparative Study of Solid-Phase Crystallization
of Amorphous Silicon Deposited by Hot-wire CVD,
Plasma-Enhanced CVD and Electron Beam
Evaporation,” Proc. MRS Spring Meeting
Symposium A, 2007.

C. Teplin, Q. Wang, H. Branz, K. Jones, and P.
Stradins, “Epitaxy at 100 nm/min by Hot-Wire
Chemical Vapor Deposition onto Silicon Wafers at
500 to 700°C,” Proc. MRS Spring Meeting
Symposium A, 2007.
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Electronic Materials and Devices
Cell and Module Stability & Reliability

Performing Organization:

Key Technical Contact:

National Renewable Energy Laboratory (NREL)

Tom McMahon, 303-384-6762, tom_mcmahon@nrel.gov

DOE HQ Technology Manager: Dan Ton, 202-586-4618, dan.ton@doe.gov

FY 2007 Budget: $1,218K (NREL)

Objectives

e Confirm reliability of new photovoltaic packaging materials and strategies to insure a 30-year
module life of primarily industrial collaborations.

¢ Identify module reliability problems with developing technologies.

¢ Develop and/or acquire measurement techniques for module failure diagnostics.

e Support collaborative R&D activities of DOE national laboratories, universities, and industry
partners that focus on the identification, study, and mitigation of degradation mechanisms
observed in advanced thin-film and crystalline modules.

Accomplishments

e Measured adhesion, cohesion, formation of T-F weak diodes, shunt, and series resistance

problems with aging, water ingress.

o Offered Accelerated Aging Workshops, along with Sandia National Laboratories, to replace Thin-

Film Partnership reliability teams.

o |dentified module-level packaging issues such as:

@)
@)
@)

cohesion and water diffusion barriers.

Alternatives to double glass for thin films (soft backsheets and hard coat barrier films).
EVA substitutes that are cheaper/better perhaps without transparency.
Hot/Humid survival, since field and 85%-85°C stress survival depend on adhesion,

Moisture, which is relevant properties of polymers and coatings measured, by modeling

of moisture ingress and egress into module structures.

Future Directions

o |dentify emerging module reliability issues, such as water and heat stress to CdTe and CIGS.
¢ Research and identify collaborations on barrier coatings.

o |dentify specific failure mechanisms with IR images.

e Support Solar America Initiative’s SAl reliability teams, PV industry and suppliers.

1. Introduction

The development of advanced (e.g., second- and
third-generation devices) PV technologies requires
a thorough stage-gate type assessment of the
technology’s stability (e.g., degradation vs.
exposure to the environment) and reliability
(service lifetime, failure mechanisms, etc.). Such
an assessment/evaluation is as critical as the
technology’s efficiency, costs, scale-up, and other
manufacturing-related requirements. This
agreement will serve as a consolidated (formerly
these efforts were spread over several research
tasks) and focused function to address the PV

technologies’ near- to long-term stability and
reliability attributes and/or issues. The advanced
technology options that are and will continue to be
generated by the University and Exploratory
Research and Electronic Materials and Devices
projects and, most likely, by several of the SAl's
Technology Pathway Partnerships (TPP) projects
will be addressed with respect to the early stage-
gate criteria for stability and reliability for any
technology. In addition, the various technical and

material issues identified will be scientifically
addressed (in close collaboration with the
developers) in order to help mitigate the

issues/shortcomings.
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2. Technical Approach

“Collaborative development (with industry) of
improved materials (minimodules, backsheets,
encapsulants)”, is actually a more accurately
stated fundamental research and development
(R&D) assessment of packaging
(encapsulants/backsheets) approaches developed
in-house and externally with many collaborators
that are critical to predicting the durability,
reliability, performance, lifetime of cells and
modules for all technologies, and especially for
particular thin-film constructions. Industry
representatives regularly come through NREL
asking for R&D advice, testing, and evaluation
based on our experience with a wide range of
approaches and based on the testing capability we
have developed. This first activity ($731K) goes
hand-in-hand with the second activity, which is to
develop and apply measurement techniques to
characterize  the performance of these
encapsulatns/backsheets provided by
collaborators.

3. Results and Accomplishments

R&D on packaging approaches is fundamental to
evaluating and improving module reliability and
stability — in particular for new materials and
technologies being developed. NREL’s expertise,
developed with a cross-section of manufacturers
and materials, is contributed in an unbiased
manner in the National Teams and in open
forums. An example is mentioned in the paper,
Testing of Packaging Materials for Improved PV
Module Reliability, when NREL researchers
evaluated a number of new encapsulants and
backsheets as improved packaging materials, and
presented the results in the open literature.

Examples of interactions across the industry,

during FY 2007 alone, include:

e Water vapor transmission testing of AKT
organic multilayer samples

e Non-disclosure agreement with  Planar
Systems, Inc., with tests on their coatings

e Testing (tensile strength) of Madico backfoils
as a function of damp heat exposure

e Interactions with Deerfield Urethane to discuss
potential use of thermoplastic polyurethane as
a PV module encapsulant

e Interactions with DuPont
approaches, particularly
weathering and characterization

e Interactions with PPG on durability issues
(their interest in becoming more involved as a

on
for

potential
outdoor

supplier of glass substrates/superstrates for

PV modules)
Interactions with Dow Chemical interested in
possible applications of their various

technologies

CRADA negotiations with BRP (ROl filed)
Interactions with Pilkington Glass on durability,
glass in particular

Interactions with Saint Gobain, interested in
polymer film materials for module construction;
small module evaluation techniques

Evaluation of samples of low-temperature sol
gel coated PET from Applied Films for
potential improved backsheet materials
Meetings with Miasolé on packaging materials
and options; building-integrated PV issues
Tests and collaboration with STR on their
experimental EVA product

Interactions with Fraunhofer Institute for Solar
Energy Systems on PV reliability (regarding
European PV reliability program starting up)
Discussions  with  InnoSense LLC on
depositing barrier coatings; request for
assistance testing materials (silicon oxynitride
barrier coatings on thin-film cells)
Testing of samples from Solar
Systems prototype constructions
Advice and tests for DuPont and Dow Corning.

Roofing

. FY 2007 Milestones

Correlate adhesion failure for and remove
cores from in-house accelerated aged
modules and field-aged modules using a
torque test developed at Sandia National
Laboratories with an added automated torque
rate control.

Test efficacy of Dbarrier coats and
encapsulants, using our BEG (barrier-
encapsulant-glass) standard test, but with
CIGS and CdTe cell films used instead of an
Al-film.

Develop with industry collaboration new
barrier coats and encapsulants, as well as
provide adhesion and water vapor
transmission values, water ingress modeling,
and IR imaging for failure diagnostics.

. Planned FY 2008 Activities

Utilize compositional and thickness mapping
data along with adhesion and WVTR data to
examine a series of depositions on PET that
further explore compositions from SiOx to
SiOxNy to Si3N4.
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e Use torque adhesion measurement device to
evaluate CIGS and CdTe modules undergoing
Hot and Humid outdoor testing at FSEC.

6. Major FY 2007 Publications

D. Ton, J. Tillerson, T.J. McMahon, M.A.
Quintana, K. Zweibel, "Accelerated Aging Tests in
Photovoltaics,” sponsored by DOE's EERE
Technologies Program, Feb. 22-23, 2006,
Baltimore, MD.

J.G Jorgensen and T. J. McMahon, “Accelerated
and Outdoor Aging Effects on Photovoltaic Module
Interfacial Adhesion Properties,” Prog. Photovolt:
Res. Appl. 2008; 16:1-9.

M.D. Kempe, "Acetic acid production and glass
transition concerns with ethylene-vinylacetate
used in photovoltaic devices," Solar Energy
Materials & Solar Cells 91 (2007) 315-329.
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Measurements and Characterization

Performing Organization: National Renewable Energy Laboratory (NREL)

Key Technical Contacts: Peter Sheldon (NREL, Primary Contact), 303-384-6533,

peter_sheldon@nrel.gov

Mowafak Al-Jassim (NREL), 303-384-6602, mowafak_aljassim@nrel.gov
Sally Asher (NREL), 303-384-6450, sally_asher@nrel.gov

Keith Emery (NREL), 303-384-6632, keith_emery@nrel.gov

Dean Levi (NREL), 303-384-6605, dean_levi@nrel.gov

DOE HQ Technology Manager: Marie Mapes, 202-586-3765, marie.mapes@ee.doe.gov

FY 2007 Budgets: $8,110K

Objectives

Provide routine and specialized measurement and characterization support for photovoltaic (PV)
program research and industry teams.

Lead and contribute to collaborative research that addresses critical issues in PV technologies.
Develop and implement novel measurement techniques that enhance the ability to understand
and advance fundamental PV research and development.

Accomplishments

Provided measurement support in the areas of analytical microscopy, surface analysis, electro-
optical characterization, and cell and module performance to more than 70 PV research partners
in industry, academia, and NREL.

Maintained ISO 17025 accreditation for primary and secondary cell and module calibrations;
completed periodic audits, maintenance of quality systems, calibrations, software, and
documentation to meet A2LA requirements.

Initiated construction of an expansion of the Outdoor Test Facility (OTF), which will allow the
Measurements and Characterization Group to support future Solar America Initiative (SAI)
module test and evaluation needs.

Investigated the structural and electronic properties of nanocrystalline hydrogenated silicon (Si:H)
films and devices with nanometer-scale resolution.

Completed an investigation of carrier depletion on individual grain boundaries in polycrystalline Si
thin films using scanning capacitance microscopy.

Developed a luminescence spectrum imaging system for characterizing industrial silicon wafers
and solar cells.

Initiated the design of an improved solar simulator that will reduce uncertainty in high-efficiency
concentrator measurements.

Procured a new solar simulator to measure large-area modules up to 137 mm by 200 mm in size.
Completed study of the kinetics of Si wafer microcrack propagation as a function of processing.
Organized the 17th Workshop on Crystalline Silicon Solar Cell Materials and Processes.

Initiated development of a minority carrier lifetime measurement technique for integration into
tools in the NREL Process Development and Integration Laboratory (PDIL).

Developed advanced multidimensional computer models for multicrystalline Si devices.
Developed a new moisture barrier package with very low water vapor transmission rates and
excellent adhesion.

Investigated the materials chemistry of copper indium gallium diselenide (CIGS) on flexible
substrates, leading to an improved understanding of long-term reliability.

Developed an improved understanding of cadmium telluride (CdTe) back contact reaction
kinetics.

Initiated PDIL tool development projects for the large platen Auger electron spectroscopy tool and
the small-spot X-ray photoelectron spectroscopy (XPS) tool.
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Future Directions

o Develop an integrated plan to provide priority support to the SAl Technology Pathway Partnership
(TPP) awardees that meets their research and development (R&D) needs within the context of

available resources.

e Provide measurement support in the areas of analytical microscopy, cell and module
performance, electro-optical characterization, and surface analysis to PV research partners in

industry, academia, and NREL.

e Maintain ISO accreditation for primary and secondary cell and module calibrations.
Complete the construction and fit-up of the OTF expansion project.
Install enhanced module measurement capabilities that will improve measurement uncertainty, as

necessary to support the SAI.

e Bring new solar simulators on line and make them compatible with our ISO quality systems.

e Organize the 18th Workshop on Crystalline Silicon Solar Cell & Modules; this year’s theme is
“Achieving Low-Cost Electricity (Grid-Parity) with Si PV.”

e Design, procure, and install the Measurement and Characterization integrated PDIL tool set;
integrated tools include the cluster tool robot, resonantly coupled photoconductive decay lifetime
tool; photoluminescence (PL) imaging tool, spectroscopic ellipsometer tool, Auger electron
spectroscopy tool, sputter/plasma etch tool, and the plasma-enhanced chemical vapor deposition

(PECVD) tool.

o Design, procure, and install the Measurement and Characterization stand-alone PDIL tool set;
stand-alone tools include the X-ray photoelectron spectroscopy tool, scanning electron
microscopy tool, atomic force microscopy tool, wet chemistry workstation tool, reflectometer,
optical processing furnace, and the lifetime mapping tool.

1. Introduction

The Measurements and Characterization Group
provides test, measurement, and analysis support
and research for the National Center for
Photovoltaics and the Solar Energy Technologies
Program (SETP). It supports all photovoltaic (PV)
material technologies and involves essential
collaborations with external research partners in
university and industry laboratories, PV
manufacturers, and internal research groups.
Each year, this group assists clients with tests and
analyses of thousands of material and device
samples, helping them to better understand and
direct work on their research and commercial
product development. We also serve as one of the
test and evaluation facilities that the Solar America
Initiative (SAI) uses to evaluate subcontract stage-
gate deliverables.

These activities address one or more of the three
areas crucial to meeting the DOE Office of Energy
Efficiency and Renewable Energy (EERE) goal of
reducing the levelized cost of energy for PV to
$0.06/kWh by 2015. The three areas are (1)
improving device and module performance, (2)
reducing manufacturing costs, and (3) improving
device and module reliability. This is accomplished
by selecting projects that address key issues for a
broad spectrum of technologies, including

crystalline silicon (c-Si), amorphous silicon (a-Si),
thin silicon, copper indium diselenide (CIS),
cadmium telluride (CdTe), IlI-Vs, organic
photovoltaics (OPV), and other future-generation
materials. As shown in Figure 1, for each
technology, we allocate resources to (1) provide
routine and specialized measurement and
characterization support for research and industry
partners; (2) lead and contribute to collaborative
research that addresses critical issues in these PV
technologies; (3) develop and implement novel
measurement techniques that enhance our ability
to understand and advance fundamental PV R&D.

M&C L,
Support “on R&D

INDUSTRY =7 f“\-‘-. S
UNIVERSITY | plechmique ’_' s, TOL
PROGRAM ' / New Materials

Fig. 1. Schematic showing areas of research
emphasis in Measurements and Characterization.
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As indicated in Figure 1, these three areas are
very complimentary and synergistic. For example,
M&C Support work often leads to a Collaborative
R&D project that addresses a specific issue
thought to limit device performance or reliability, or
alternatively, helps to identify a Technique
Development project that will ultimately allow us to
measure a critical device or material parameter. In
turn, the development of enhanced measurement
techniques allows us to continuously advance the
state of the art and is necessary to help the PV
community advance toward the 2015 SAl goals of
lower costs, higher performance, and improved
reliability.

2. Technical Approach

The project is composed of four core competency
research tasks and a management/coordination
task. The four research tasks are Analytical
Microscopy, Cell and Module Characterization,
Electro-Optical Characterization, and Surface
Analysis. The major nonsupport research activities
pursued in FY 2007 are outlined below by task.
Although a significant portion of our work involves
working with industry to solve research and
manufacturing problems in a timely manner, these
activities are not reported in this document
because of their proprietary nature. During the
past year, we have collaborated with well over 70
research groups from industry, universities, and
national laboratories. The FY 2007 highlighted
milestones in each task are listed below, and
additional details are provided in Section 3.

2.1 Analytical Microscopy Task

e Provided both routine and specialized
measurement and characterization support for
SETP PV research and industry teams.

e Investigated the structural and electronic
properties of nanocrystalline Si:H films and
devices with nanometer-scale resolution.

o Completed investigation of carrier depletion on
individual grain boundaries in polycrystalline Si
thin films using scanning capacitance
microscopy.

o Developed a luminescence spectrum imaging

system for characterizing industrial silicon
wafers and solar cells.

2.2 Cell and Module Performance Task

e Provided both routine and specialized

measurement and characterization support for
SETP PV research and industry teams.

e Maintained ISO 17025 accreditation for
primary and secondary cell and module

calibrations. Completed periodic audits,
maintenance of quality systems, calibrations,
software and documentation to meet A2LA
requirements.

e Initiated the design of an improved simulator
that will reduce uncertainty in high-efficiency
concentrator measurements.

e Procured a new solar simulator to measure
large-area modules up to 137 mm by 200 mm
in size.

2.3 Electro-Optical Characterization Task

e Provided both routine and specialized
measurement and characterization support for
SETP PV research and industry teams.

e Completed a study of the kinetics of Si wafer
microcrack propagation as a function of
processing.

e Organized the 17th Workshop on Crystalline
Silicon Solar Cell Materials and Processes.

e Initiated the development of minority carrier
lifetime measurement  techniques  for
integration into PDIL tools.

e Developed advanced multidimensional
computer models for multicrystalline Si
devices.

2.4 Surface Analysis Task

e Provided both routine and specialized
measurement and characterization support for
SETP PV research and industry teams.

e Developed a new moisture barrier package
with very low water vapor transmission rates
and excellent adhesion.

e Investigated the materials chemistry of CIGS
on flexible substrates, leading to an improved
understanding of long-term reliability.

e Developed an improved understanding of
CdTe back contact reaction kinetics.

e Initiated PDIL tool development projects for
the large platen Auger electron spectroscopy
tool and the small-spot XPS tool.

Budget allocations by task are provided below.

- FY 2007
Task Title Budget ($K)
Analytical Microscopy 2,000
Cell and Module Performance 1,699
Electro-Optical Characterization 2,195
Surface Analysis 1,495
Management/Maintenance 721

3. Results and Accomplishments

Research results outlined in this section address
only FY 2007 priority milestones, and these
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represent only a portion of all our support and
research activities. Highlights for each task are
outlined below.

3.1 Analytical Microscopy Task

Investigate the structural and electronic properties
of nanocrystalline Si:H films and devices with
nanometer-scale resolution:

Nanocrystalline Si (nc-Si:H) materials are much
more complicated than either amorphous or

crystalline Si materials. They consist of
nanocrystalline grains, grain boundaries,
amorphous tissues, and voids. Therefore,

structural and electrical characterization, on the
atomic and nanometer scale, is required to better
understand material properties. In collaboration
with United Solar, we have investigated the P-
doping effects on the structure of nc-Si:H thin
films. We observed for the first time P-doping
induced nc-Si:H grains that were dispersed within
the amorphous Si matrix. We also investigated the
effects of light soaking and thermal annealing on
the distribution of microelectrical conductivity, and
experimentally solved the puzzle of light-soaking-
induced open-circuit voltage (V,) increases in a-
Si:H and nc-Si:H mixed-phased devices. These
characterization results proved very useful for
United Solar in its efforts to incorporate nc-Si:H
into its production lines.

The compositional, structural, and microelectrical
properties of the Si:H films were investigated using
complementary techniques that included
secondary ion mass spectrometry (SIMS), Raman
spectroscopy, atomic force microscopy (AFM),
transmission electron microscopy (TEM), scanning
Kelvin probe microscopy (SKPM), and conductive
(C)-AFM. In the intrinsic and slightly P-doped Si:H
films, the nc-Si:H grains aggregate to clusters, and
SKPM and C-AFM images exhibit localized work
function and conductivities. The local work
function and conductivity of the nc-Si:H
aggregates are significantly larger than those of
the surrounding a-Si:H regions. However, as
researchers increased the dopant concentration
by adding small amounts of PHj into the reactant
gas during film growth, there was a large impact
on film growth and structure. We found that (1) In
order to reach similar crystallinity, the hydrogen-
dilution ratio (H2/SiH,) needs to be doubled; (2) the
PH; was very efficiently incorporated, resulting in
doping concentrations as high as ~10°'/cm® and
(3) the nc-Si:H grains no longer aggregate to
clusters, and instead disperse randomly within the
a-Si:H matrix. Based on the atomic hydrogen-

enhanced diffusion model for PECVD growth of
nc-Si:H, we proposed a model to explain these
doping effects.

Along with measuring the changes of local
conductivity in the a-Si:H and nc-Si:H mixed-
phase devices, we experimentally demonstrated
that the light-soaking induced V,. increase
originates from the degradation of the nc-Si:H
phase. Using C-AFM, we measured the local
electric current flow through the nc-Si:H
aggregates. As shown in Figure 2, the current
increases with the aggregation area. The current
density decreased significantly by light soaking
and recovered to a value similar to the original
value with thermal annealing. These changes in
current density explain the mechanisms of the
light-soaking—induced V. increase.
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Fig. 2 Local electric current through nc-Si:H
aggregates as a function of the aggregation area.
Linear fitting to the data represents the current
density. The current density decreases with light
soaking, and recovers after thermal annealing.

Investigation of carrier depletion on individual
grain boundaries in polycrystalline Si thin films
using scanning capacitance microscopy.

Grain boundaries (GBs) in polycrystalline Si thin-
film solar cells are believed to limit photovoltaic
efficiencies. However, most measurement and
characterization studies on the electronic
properties of GBs were carried out on large
samples that contain a high density of grains. As a
result, one cannot resolve the electronic properties
at a specific GB. In this study, in collaboration with
NREL’'s Si group, we carried out a nanometer-
resolution measurement of carrier depletion at the
GBs using scanning capacitance microscopy
(SCM). This nanometer-resolution measurement
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allows us to examine the electronic properties of
individual GBs. This is the first step toward our
ultimate goal of correlating the electronic
properties of specific GB structures.

As shown in Figure 3, the SCM images exhibit the
following features: (1) the carrier concentration is
lower at locations near the GB edges in
comparison to the central region of the grains; (2)
the degree of depletion varies considerably from
one GB to another—for example, GBs between
grains A/B, A/C, and B/C clearly exhibit a high
level of depletion, and in contrast, the GBs
between A/D and A/E do not exhibit significant
depletion; and (3) intragrain carrier depletion was
also observed at point and line defects.

Fig. 3 An SCM image taken on a polycrystalline Si
thin film grown by HWCVD on an AlC-seed layer
on a glass substrate.

The direct measurement of the carrier depletion in
the GBs demonstrates that the GBs in Si thin films
indeed create charged gap states. The
nonuniformity of the carrier depletion suggests that
the gap states depend on specific GB structures,
which should relate directly to the grain
orientations and grain facets adjacent to the GB.
The depletion around the intragrain defects
indicates that the defects are charged and can be
recombination centers, and thus harmful to device
performance. Such in-depth studies are expected
to have a direct impact on improving thin-film Si
solar cells through understanding the local defect
behavior at the GBs.

Conduct electron backscatter diffraction studies of
CdTe thin films:

Electron-backscattered diffraction (EBSD) is a new
technique that provides information about the

crystalline structure of materials with high spatial
resolution, in contrast to X-ray diffraction, which
provides information on the bulk of the sample. In
EBSD, diffracted electrons are collected and
analyzed while the electron beam of a scanning
electron microscope (SEM) scans the sample
surface, providing diffraction patterns at every
pixel of the SEM image. EBSD provides crystalline
orientation maps, and it is able to identify
crystalline phases and orientations with submicron
spatial resolution. This capability enables the
investigation of the misorientation between
individual grains; the study of grain boundaries
and special boundaries; the determination of grain
size, grain distribution, and film texture; and the
study of strain. EBSD requires a flat sample to
avoid shadowing of the electrons from the detector
by surface features. In this work, we investigated
and developed procedures to prepare the surface
of close-spaced sublimation (CSS) CdTe thin films
necessary for producing artifact-free EBSD data.
We found that polishing resulted in an amorphous
layer on the surface and no Kikuchi pattern.
However, ion-beam milling produced a relatively
flat and good-quality surface, resulting in high-
quality patterns, and, consequently, excellent
EBSD data. We used a combination of polishing
and ion-beam milling or etching to study the
crystalline structure of the CdTe film at different
depths, as shown in Figure 4.

2pum

Fig 4. EBSD data (band contrast and Euler map
coloring) for an untreated CSS CdTe film after
polishing with 0.05 um alumina suspension for (a)
30 s, (b) 120 s, and (c) 150 s. After polishing, each
sample was ion-beam milled (5 keV, 1 min, 3°).
The red lines are 60° <111> twin boundaries.
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We also used EBSD, in conjunction with other
analytical techniques, to investigate the effects of
the CdCl, treatment, performed at different
temperatures and times, on the recrystallization
process of physical vapor deposition (PVD) CdTe
thin films. This treatment is an important step in
the production of high-efficiency solar cells, and
needs to be optimized for the PVD CdTe films
produced at NREL. The CdClI, treatment in <111>-
oriented films shows ongoing recrystallization
when performed at 350°C. When performed at
400° and 420°C, the recrystallization process is
complete and the microstructure reveals randomly
oriented grains with a large variation in grain
size—some grains reach dimensions exceeding
40 pym. These films are so flat that good EBSD
data could be obtained without any surface
preparation. The large grains have different
morphologies than the small grains do, and they
have <111> orientation, indicating that, during the
grain growth process, they enlarged at the
expense of grains with less favorable orientations.

The grains sizes observed for the PVD CdTe films
are the largest obtained for CdTe films produced
at NREL and are desirable for solar cells because
of the reduction in grain boundary area. Another
desirable characteristic is the fact that these films
are very flat, making it easier for the application of
a thin, homogeneous layer of a back-contact
material.

The EBSD analysis showed that both CSS and
PVD CdTe films have a large density of 60° <111>
twin boundaries, even after recrystallization,
indicating a low formation energy for these
interfaces. This capability to detect the distribution
of two-dimensional boundaries is a unique
capability of EBSD. Before EBSD was used, the
most common way to study twins in CdTe films
employed TEM, which is time-consuming and
cannot provide an overall picture of the twin
distribution.

Investigate In,O3 and Al coverage and c-Si/a-Si
interfaces in Si heterojunction cells:

The texture of Si heterojunction (SHJ) cells is an
important process for light trapping, which
improves the efficiency of the cells. However, the
textured surface can be a potential problem for the
growth of uniformly and fully covered In,O3 and a
back Al reflective layer. Therefore, it is critical to
examine the quality of these layers for high-
efficiency SHJ cells. In collaboration with NREL'’s
Si Group, the front In,O3 coverage and back Al
coverage of textured Si heterojunction cells was

investigated using SEM. The c-Si/a-Si interface
was also examined by  high-resolution
transmission electron microscopy (HRTEM). The
thickness and uniformity of the a-Si layer and the
quality of the a-Si/c-Si interface were examined by
site-selected TEM preparation using our new
focused ion beam (FIB) workstation and HRTEM.
Because the cells are textured, cross-sectional
TEM samples must be prepared along certain
directions and at specific areas. This was
achieved by using dual beam FIB milling.

Figure 5(a) is an SEM image of the front side of a
Si heterojunction cell. Both the front 